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ABSTRACT 
 
This study evaluates the potential of conventional nanosecond laser ablation inductively 
coupled plasma mass spectrometry (ns-LA-ICP-MS) analysis in conjunction with advanced data 
reduction techniques based on integrated counts per second (ICPS) summation for the in situ 
microanalysis of the Mg isotopic composition of dolomitized rocks from hydrocarbon reservoirs. 
Chemical composition of these carbonates is affected by fluid/rock interactions between 
infiltrating dolomitizing fluid(s) and carbonate host rock(s). Diagenetic fluids can impart a 
unique chemical composition, causing zonation, each zone potentially having characteristic 
25Mg/24Mg and 26Mg/24Mg ratios.  Three standard reference materials (SRMs), both matrix-
matched and pure, were compared by solution nebulization (SN)- and LA-ICP-MS methods. LA-
ICP-QMS methods were then applied to dolomites from the Deep Geologic Repository (DGR) 
site at Bruce (Tiverton, Ontario) and Western Canada (Alberta and British Columbia). 
Precision of Mg isotope ratios derived by summation of outlier removed ICPS values increased by 
27.6% and 72.3% for δ25MgDSM-3 and 48% and 13.9% for δ26MgDSM-3 on JDo-1 and NIST SRM 
980, respectively, over mean ICPS ratios. Both accuracy and precision were approximately 2 times 
higher for SN over LA, indicating presence of matrix-related interferences (standard deviation of 
δ25MgDSM-3 of 3.98 and 7.54 for δ26MgDSM-3 compared to 11.6 and 4.02, respectively, for data 
processed the same way on solution). All 3 SRMs were found to be unsuitable for in situ 
microanalysis due to isotopic and elemental heterogeneity at micrometer scales, as well as multiple 
interferences on all mass numbers. JDo-1 showed significant loss of precision over SN due to 
heterogeneity of vacuum impregnated epoxy dolomite pellets (SN > LA STD dev δ25MgDSM-3: 1.88 
> 56.16) and (SN > LA STD dev δ26MgDSM-3: 4.10 > 60.39). Natural samples analyzed in situ 
lacking this significant precision loss is evidence of this effect. 
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CHAPTER 1: INTRODUCTION 
1.1. Background  
1.1.1. Hydrocarbon Reservoir Control and Fluid Rock Interaction 
Hydrocarbon accumulations have long been known to be associated with aqueous fluids 
(Al-Aasm et al., 2003). Movement of ion-rich (i.e., saline) aqueous fluids due to thrusting, 
compression, sedimentation-related porosity loss, and other factors, as well as differential 
buoyancy, can contribute to the movement of considerable quantities of dissolved ions over large 
spatial scales.  These aqueous fluids may precipitate secondary minerals, such as dolomite, under 
the appropriate conditions (Al-Aasm et al., 2019).  The host rock alteration (e.g., secondary 
minerals) resulting from the aqueous fluid often are more widespread than the associated 
hydrocarbons, making these effects useful vectors for locating economic hydrocarbon 
accumulations.  
Magnesium is a major constituent of hydrocarbon-associated aqueous fluids and comprises 
approximately half the molecular weight of secondary dolomite that precipitates from these 
fluids.  Magnesium also occurs naturally as three stable isotopes with mass numbers 24 (78.99%), 
25 (10.00%), and 26 (11.01%) (Galy et al.; 2003).  The abundance, ubiquity and multiple, naturally 
occurring isotopes potentially make Mg useful for ‘fingerprinting’ the aqueous fluid-rock 
interactions associated with hydrocarbon migration events.  Unique Mg isotopic ‘fingerprints’ of 
secondary minerals might give insight into the chemical and physical character of aqueous fluids 
and potentially facilitate prospecting for hydrocarbons that might be associated with them 
(Braithwaite et al., 2004).  
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1.1.2. Use of Mg Isotope Signatures of Dolomites as Tracer for Formation 
The Mg isotopic composition of hydrocarbon dolostone reservoirs has been used to 
determine whether aqueous dolomitizing fluid migration events have occurred and to assess the 
effects these events have had on reservoir rocks (Al-Awadi et al., 2009; Azmy et al., 2013).  These 
studies, however, were conducted using solution nebulization (SN) to introduce dissolved samples 
into an inductively coupled plasma mass spectrometer (ICP-MS).  Solution nebulization requires 
relatively large sample masses, often resulting in mixing of adjacent primary minerals as well as 
finely-intergrown secondary or alteration minerals, thus leading to uncertainty with respect to the 
Mg isotopic composition of the individual phases comprising the mixture.  Furthermore, SN 
requires the use of reagents and diluents, such as acids and water, respectively, which can result in 
problematic mass interferences (Nam et al., 2008).  The use of laser ablation (LA) to introduce 
samples into an ICP-MS, such as for the analysis of carbonate minerals, has the potential to 
eliminate shortcomings associated with sample preparation and introduction by SN. Laser ablation 
is a microsampling technique that provides high spatial resolution, thus limiting the potential for 
mixing different minerals during analysis.  When coupled with detailed petrographic analysis, LA 
microsampling enables characterization of the spatial and temporal effects of interactions between 
reservoir rocks and infiltrating aqueous fluids and allows for determination of the compositional 
and isotopic variations that result from multiple fluid infiltration events to be assessed within a 
single sample.  Sample introduction by LA also does not introduce additional reagents or diluents, 
thus reducing the potential for mass interferences.  Furthermore, LA has the benefit of simplifying 
sample preparation procedures, thereby potentially resulting in more rapid analysis.   
Laser ablation-ICP-MS has limitations, however, which include elemental and isotopic 
fractionation resulting from sample heating by the laser and in the instrument plasma, the inability 
to remove some potentially problematic interferences before analysis, and matrix effects, such as 
 3 
 
differences between the ablation behaviour of calibration standards and unknowns (e.g. ablation 
efficiency).  To be able to use LA-ICP-MS to characterize the Mg isotopic composition of 
carbonate minerals, it is first necessary to demonstrate that LA-ICP-MS can produce accurate and 
precise Mg isotope measurements in carbonate minerals.  To this end, this thesis has the following 
objectives: 
1. Development of a method for conducting accurate and precise Mg isotopic analysis of 
carbonate minerals using LA-ICP-QMS.  
2. Quantification of the elemental and isotopic composition of standard reference materials, 
which could be used as external calibration standards for Mg isotopic analysis of carbonate 
minerals. 
3. Application of LA-ICP-MS to natural, primary and secondary carbonate minerals from 
known hydrocarbon reservoirs to characterize the magnitude of Mg isotopic variability 
associated with aqueous fluid migration events. 
1.1.3. Fractionation, Interferences and Limitations during ICP-MS of Mg Isotopes. 
Fractionation is the process by which isotopes of an element are separated from one another 
based on mass number. Fractionation of Mg isotopes can occur due to a variety of both mass 
dependent and mass independent processes. The primary processes responsible for fractionation 
of Mg isotopes are: 
● Kinetic effects, such as faster mobility of the lighter isotope (24Mg) during diffusion 
(Lemarchand et al., 2004) 
● Differential isotopic reaction rates (e.g. bond strengths of molecules containing 
lighter isotopes are lower than those containing heavier isotopes) (Fang-Zhen 
Teng., 2017) 
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● Isotopic exchange equilibria (Welch et al., 2003) 
Understanding these fractionation processes and their effect on Mg isotope abundances in 
natural materials can provide crucial insights into diagenetic fluid chemistry and the pressure, 
temperature, and composition (P-T-X) conditions present during diagenesis (Braithwaite et al., 
2004). 
Magnesium isotope fractionation in carbonate systems is primarily a function of 
precipitation temperature (Li et al., 2016; Wombacher et al., 2011), dehydration of Mg aquo-
complexes during carbonate precipitation/formation (Mavromatis et al., 2013), and precipitation 
rate (Immenhauser et al., 2010; Riechelmann et al., 2012b). Dolomite (CaMg(CO3)2) formation 
occurs when migration of Mg-bearing subsurface fluid leads to alteration of existing limestone 
(CaCO3). The resulting physical and chemical properties of the altered rock are a function of the 
P-T-X of the diagenetic environment and the nature of the infiltrating fluids (Boni et al., 2000). 
Factors influencing dolomitization of carbonate rocks are the fluid temperature (e.g. high 
temperatures in the case of hydrothermal and basinal fluids), as well as the chemistry of the 
infiltrating fluids (e.g. high Mg content in the case of basinal and marine coastal fluids) (Schott et 
al., 2016). Another factor influencing the Mg isotopic composition or ‘fingerprint’ is the nature of 
the fluid migration event, such as high flow, large volume infiltration versus low energy 
percolation within pore spaces (Braithwaite et al., 2004).  Research conducted over the last decade 
through advances in analytical techniques has also shown that cellular enzymes preferentially use 
25Mg over other isotopes during adenosine triphosphate (ATP) energy production, thus resulting 
in mass independent fractionation (MIF) (Bontognali et al., 2013).  Evidence of MIF of Mg 
isotopes is potentially indicative of the presence of bacterial life in ancient carbonate rocks 
(Bontognali et al., 2013). 
 5 
 
1.2. The Application and Limitation of LA-ICP-MS  
Over the approximately 25 years of use of LA in geologic applications, numerous lasing 
media have been investigated, with a visible ruby laser being the first used in a geochemical ICP-
MS application (Gray 1985).  Although these early systems enabled determination of the elemental 
composition of geologic materials at a spatial resolution of tens of micrometers, they had their 
limitations, chief among them being that transparent materials do not efficiently absorb the long 
wavelength energy used by these systems (Cromwell et al., 1995). Therefore, visible ruby lasers 
were superseded by frequency-quadrupled Nd:YAG or ArF excimer-based systems operating in 
the ultraviolet range.  The shorter wavelength (266 nm and less) and higher energy enable these 
systems to ablate a wider variety of materials, including transparent minerals, thus increasing the 
versatility of LA-ICP-MS for geologic applications (Sylvester 2016).  
Another advancement in laser ablation technology has been the increase in pulse rates, 
allowing faster pulse speed lasers with shorter pulse durations to more effectively ablate target 
materials while lowering the input of thermal energy into the surrounding target lattice (Fig. 1), 
which is a potential cause of elemental and isotopic fractionation. Modern research focuses on 
lasers with pulse durations measured on the scale of nanoseconds (ns), although shorter 
wavelength and pulse width lasers in the femtosecond (fs) range have been used in limited geologic 
applications (Phillipes et al., 2015), access to the increased performance (Fig. 1) of these systems 
is restricted due to their limited availability, relative instability, and difficulty in maintaining 
optimal and consistent  system performance. Thus, despite their limitations, ns Nd:YAG- and ArF 
excimer-based systems remain the most widely used LA systems. 
Laser ablation can both mitigate some analytical challenges (e.g., reduction in water-related 
molecular ion interferences due to lack of H2O/HNO3 matrix) (Hirata 2012), as well as contribute 
to other challenges (e.g., potential isobaric interferences cannot be eliminated prior to analysis, 
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such as through the use of selective extraction techniques). For instance, LA is less susceptible to 
some matrix-related spectral interferences due to the typically lower oxide production rates under 
the dry plasma conditions characteristic of LA-ICP-MS, as opposed to the wet plasma conditions 
associated with SN-ICP-MS. 
Figure 1: Comparison diagram of nanosecond class laser ablation system and femtosecond class laser ablation 
system. Diagram depicts the difference between melt injection of ns LA and cold ablation by fs LA (modified from 
Machining with Long Pulse Lasers, Machining with Long Pulse Lasers, Machining with Ultrafast laser pulses., 
2011) 
 
Laser ablation related elemental and isotopic fractionation has several causes including: 
● Complexity of high energy material interactions and evidence of particles formed due to 
cooling of material ejected from molten phase rather than vapor deposition. This solid-
liquid phase change is a strong contributor to fractionation (Cromwell et al., 1995). 
● Particle size dependent fractionation, which results from differential ablation efficiency 
causing ablated material to enter the ICP plasma torch to vary according to particle size, 
leading to bias in measurement because smaller particle sizes are more likely to be fully 
ionized and less likely to fractionate (Guillong et al., 2002). 
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● Thermal effects, which result from photonic energy being applied to the analyte thus 
causing differential vaporization of elements or isotopes due to differential absorption 
efficiency. These LA-induced fractionation effects are largely affected by and related to 
the energy intensity, wavelength, pulse duration and pulse frequency/repetition rate used 
during analysis (Guillong et al., 2002). 
● Re-ablation of particles that are redeposited on the analyte surface due to poor ablation 
and/or poor sample uptake into the carrier gas (Lee et al., 2009). 
1.3. Research Questions and Objectives  
Recognizing the potential limitations of LA for conducting accurate and precise elemental 
and isotopic analysis due to isobaric or molecular ion interferences or laser induced mass 
dependant and mass independent fractionation effects, this thesis assesses the applicability of using 
a 193 nm, nanosecond pulse width, ArF excimer-based LA system for conducting analysis of Mg 
isotopes in standard reference materials (SRMs) and natural samples (hydrocarbon reservoir 
dolomites) formed under diverse geochemical and temperature (burial/hydrothermal) conditions. 
The natural samples include suites of saddle dolomite obtained from the Bruce Power DGR site in 
the Michigan Basin (Tortola et al., 2019), and Western Canada Sedimentary Basin (Al-Aasm et 
al., 2019).  Detailed petrographic and geochemical analysis of the samples, including stable isotope 
(C and O) analysis and fluid inclusion analysis were previously performed on the suites of samples 
(Tortola et al., 2019; Al-Aasm et al., 2019). 
Formational and alteration fluids impose a major control on reservoir-quality evolution of 
carbonate successions (Al-Aasm et al., 2003). The fluids responsible for these changes impart a 
unique chemical and physical “fingerprint” or “signature” on the dolostones they form and as a 
result can provide important tracer data that can be used to determine the formational conditions 
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under which dolomite may have precipitated. By understanding and being able to identify and 
correlate these unique “fingerprints”, better understanding of hydrocarbon migration events and 
the reservoirs they occupy can be achieved. Application of this methodology would be a 
breakthrough in the field of stable isotope geochemistry; allowing for relatively quick, spatially 
resolved measurement of the Mg isotopic composition of carbonate minerals at the scale of tens 
of micrometers, with minimal sample preparation. The ability of LA to obtain spatially resolved 
measurements would allow for in situ analysis of the Mg isotopic variation, which would enable 
determination of the type, frequency, and infiltration pattern of successive fluid migration events 
within an individual sample. 
 This objective will be attempted through the use of selective targeting of zones in 
conjunction with data reduction techniques designed to enhance analytical precision through 
improved counting statistics (cf. Crowe et al., 2003). Laser ablation microanalysis will be 
conducted using an Agilent 7900 fast-scanning inductively charged plasma quadrupole mass 
spectrometer (ICP-QMS) (Agilent Technologies, California, USA) coupled to a Photon Machines 
Analyte Excite 193 nm short pulse width (sub 4 ns) excimer laser ablation system (Teledyne 
CETAC, Nebraska, USA).  Laser ablation data reduction protocols will be as described in Crowe 
et al. (2003). 
 Another goal of this study is to further validate the elemental and isotopic composition of 
Mg isotope SRMs.  The lack of an SRM that is validated to be homogenous at <100 µm scale is 
an issue that can influence the precision and accuracy of Mg isotopic measurements due to the 
small spatial scales at which LA operates (e.g., spot diameters commonly < 20 µm).   The 
commonly referenced delta zero material referenced against in literature is the DSM-3 SRM 
(Galy 2004). Due to the DSM-3 material being difficult to procure for contemporary research 
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due to small initial stock, three standards, which include two pure Mg metal SRMs (NIST SRM 
980 and Alfa Aesar 40604 foil), as well as a crushed dolomite powder SRM (JDo-1), were 
assessed for their applicability as Mg isotopic standards for LA microanalysis.  JDo-1 was 
chosen specifically for further validation because it is matrix matched to natural hydrocarbon 
reservoir minerals.    
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CHAPTER 2: METHODS 
This chapter describes the SRMs chosen and presents the reasons for their selection with 
respect to their properties and the desired research goals; as well as the suite of natural samples 
procured from Western Canada and the Bruce Power site at Tiverton, On. This chapter also 
describes how the SRMs and natural samples were prepared for analysis by SN-ICP-QMS and 
LA-ICP-QMS, including the precautions required to minimize the potential for contamination.  
The methods used to prepare and analyze the SRMs by SN-ICP-QMS are outlined first because 
these materials were used as the control group, followed by the methods for preparation and 
analysis of the SRMs and natural samples for analysis by LA-ICP-QMS.  
The optical and cold cathodoluminescence (CL) microscopy required to assess SRM and 
natural sample preparation quality (e.g., surface smoothness) and compositional heterogeneity, as 
well as characterization of any undigested residua from acid digestion for SN-ICP-QMS by 
EDAX/SEM analysis, is presented.  Finally, data reduction techniques used to process the 
elemental and isotopic data and to enhance analytical accuracy and precision are presented.  
2.1 Standard Reference Material Selection 
Standard reference materials from the National Institute of Standards and Technology 
(NIST) (SRM 980), Alfa Aesar (40604 Mg foil), and the Geologic Survey of Japan (GSJ) (JDo-1) 
were selected as calibration standards for elemental and isotopic analysis due to their availability, 
high Mg content, and availability of peer-reviewed analytical results for elemental (JDo-1 and Alfa 
Aesar 40604)  and isotopic composition (NIST SRM 980)  (Appendix A).  The first two SRMs 
(SRM 980 and 40604) are ‘pure’ elemental Mg; chosen for its known isotope abundances (NIST 
SRM 980) as well as the elimination of some possible interfering species present in dolomite. The 
final standard chosen was GSJ (JDo-1) crushed dolomite powder because it would allow for matrix 
matched calibration on dolomitic samples.  
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2.2. Materials Preparation and Characterization 
2.2.1. Lab Wear Preparation  
Savillex™ PTFE screw-top vials were cleaned to ultratrace standards by rinsing with Milli-
Q water before placing in a 1:1 mixture of reagent grade HCl (provided by Sigma Aldrich as a 
37% or 12 M stock solution) diluted to 6 M with Milli-Q ultratrace water and heated for 3 days at 
75° C on a hotplate inside a fume hood. The sample vials were triple rinsed with Milli-Q water 
and then subjected to a second cleaning process using a 1:1 mixture of HNO3 (provided by Sigma 
Aldrich as a 70% or 15.7 M stock solution) diluted to 7.535 M using Milli-Q ultratrace water and 
heated for 3 days at 75° C on a hotplate inside of a fume hood. Afterward, the sample vials were 
triple rinsed with Milli-Q water before being left to air dry in a fume hood.  Cleaned and dried 
sample vials were stored in two zip lock plastic bags within a fume hood until needed. 
2.2.2. Solution Nebulization SRM Preparation 
The use or contact with glass and metal was avoided at all stages in SRM storage, 
preparation, and analysis where possible to mitigate the chance of contamination by metals. 
Preparation of the three SRMs for analysis by SN-ICP-QMS consisted of weighing using a 
calibrated triple balance scale accurate to within 5 significant figures.  Samples were weighed on 
disposable Whatman™ Grade 2122 weighing papers and Fisherbrand™ polystyrene weighing 
dishes, which were discarded after each use.  Samples were handled with polymer and plastic tools 
only; including the Alfa Aesar 40604 Mg foil, which was cut into 1 cm2 squares using a new 
ceramic blade.  Samples were placed in cleaned Savillex™ PTFE vials.  The weights of the 
Savillex™ vials were recorded on a tared triple balance scale prior to zeroing and adding SRMs 
and subsequently recording the weights.  The SRMs were then removed, and the scale tared again 
before measuring the Savillex™ containers containing the SRMs in order to confirm weights by 
direct measurement and by calculated difference. Five mL of 5% HNO3 were then added to the 
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vials containing SRMs and the lids were screwed on before weighing again.  Regardless of the 
airtightness of the Savillex™ vials, weights decreased due to off-gassing as the SRMs reacted with 
nitric acid, therefore, weights were recorded immediately upon addition of the nitric acid, once the 
weights had stabilized, and prior to filtration (after a minimum 24-hour reaction time).  This effect 
was not observed on procedural blanks.  The SRMs that did not undergo complete digestion (e.g., 
JDo-1) had 3 mL of concentrated 70% HN03 added, and an additional 48 hours were provided for 
the reaction to go to completion.  The digested SRM solutions were poured into containers by 
filtering through pre-weighed Whatman™ Qualititative-1 filter paper.  The filter paper was 
allowed to dry before being weighed again to determine the mass of any undigested SRM.  
Analysis using an FEI Quanta 200 field emission gun (FEG) scanning electron microscope (SEM) 
equipped with an EDAX energy dispersive spectroscopy (EDS) X-ray detector performed at the 
Great Lakes Institute for Environmental Research (GLIER) Advanced Microscopy Laboratory 
confirmed that the residuum was silica; consequently, the addition of the 3 mL 70% HNO3 was 
eliminated during subsequent SRM preparations.  Prior to SN-ICP-QMS analysis, serial dilution 
using ultra trace quality Milli-Q water (<18 MΩ·cm at 25° C) was performed to obtain sufficiently 
low analyte concentrations to be within the operating range of the ICP-QMS detector.  Sample 
weights and final dilution factors are provided in Appendix B. 
2.2.3. Laser Ablation SRM and Sample Preparation 
Preparation of the three SRMs for in situ LA-ICP-QMS microanalysis consisted of cutting 
the 1 mm thick Alfa Aesar 40604 Mg foil into approximately 5 mm2 squares using a new ceramic 
knife to prevent the introduction of metal contaminants.  The square was mounted on a glass slide 
using 3M™ double-sided tape.  The surface of the foil was determined under microscopic 
examination to be smooth enough as to not require polishing prior to analysis. 
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The JDo-1 dolomite powder and NIST SRM 980 Mg metal flake SRMs were impregnated 
under vacuum with Logitech Type 301 two-part epoxy resin using a Logitech IU30 vacuum 
impregnation unit. The SRMs were placed in new LDPE sample vials, which acted as a mold to 
produce resin bonded SRM pucks.  Following curing, the LDPE vials were cut apart to release the 
hardened pucks. The pucks were wet sanded using Milli-Q water and 60 grit sandpaper and then 
polished using progressively finer grades of 3M™ polishing papers (400 and 600 grits are silicon 
carbide, while the 1200, 4000, 6000 and 8000 grits are aluminum oxide) with Milli-Q water to 
obtain a flat, level and smooth surface suitable for LA-ICP-QMS microanalysis.  Polishing was 
performed by moving the puck in a ‘figure 8’ pattern to ensure an even polish and to minimize 
swirl marks.  Sample surfaces were checked throughout the polishing process using optical 
microscopy at 50x, 100x, and 200x magnifications to verify the smoothness and flatness of the 
polished surface to ensure consistent laser focus during subsequent LA-ICP-QMS microanalysis.  
The prepared SRM pucks were stored by wrapping in Parafilm™, sealing in consumer 
grade plastic bags, and placing in a desiccator to prevent contamination and to minimize the 
reaction of atmospheric moisture and oxygen with the exposed surfaces. Optical microscopy 
performed between consecutive analysis days, however, determined that surface oxidization was 
unavoidable and thus surfaces were re-polished prior to each analysis day. 
Geologic samples were prepared as 100 µm thick, polished sections bonded to glass slides, 
which were prepared by Wagner Petrographic, Lindon, Utah.  A list of sample types and standard 
reference materials used, their source, chemistry, preparation and analytical techniques applied is 
provided below in. Table 1. 
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Sample Sample Type/Source Chemistry 
SN 
Preparation 
Technique 
LA 
Preparation 
Technique 
SN 
Analysis 
LA 
Analysis 
DSM 3 
Homogeneous Mg metal suspension. 
Delta zero reference material 
Mg solution 
in HNO3 
NA NA NA NA 
NIST 610 Internal SRM Glass NA Prepared ✕ ✓ 
NIST SRM 980 Monoelemental external isotope SRM ~Pure Mg HNO3 Digestion 
Epoxy Vacuum 
Impregnation 
✓ ✓ 
ALFA 40604 
Monoelemental external 
major/minor/trace element SRM 
~Pure Mg HNO3 Digestion 
Direct mount to 
slide 
✓ ✓ 
JDo-1 
Matrix matched external 
major/minor/trace element SRM 
Dolomite HNO3 Digestion 
Epoxy Vacuum 
Impregnation 
✓ ✓ 
1-28M 
Sample 
Bruce (Tiverton, Ontario) 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
1-31M 
Sample 
Bruce (Tiverton, Ontario) 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
8-9M 
Sample 
Bruce (Tiverton, Ontario) 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
8-13M 
Sample 
Bruce (Tiverton, Ontario) 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
32-1M 
Sample 
British Columbia 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
32-10M 
Sample 
British Columbia 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
D-5 
Sample 
Alberta 
Dolomite NA 
100 µm thick 
polished 
sections 
✕ ✓ 
Table 1: List of samples and standards used, as well as their chemistry, source, and the preparation and analytical 
techniques used. 
2.3. Optical Microscopy and Cathodoluminescence 
To determine the ideal technique for preparation of the SRMs for LA-ICP-QMS analysis, 
multiple preparation steps were attempted with optical microscope images being taken between, 
to create optimal surface characteristics needed for uniform ablation (i.e., maintaining focus in the 
z-axis while traversing the sample).  Surface preparation (i.e., quality of polish), however, needed 
to be controlled because the high surface reflectivity that a high degree of polishing would result 
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in also diminished the absorption of the laser energy, thus leading to poor ablation characteristics 
and laser coupling to sample surface. 
SRMs and geologic samples were examined using optical microscopy and cold CL 
microscopy.  All samples were examined to assess the quality of preparation (i.e., surface polish) 
and natural samples were examined to identify compositional heterogeneities, such as distinct 
zones of dolomitization, mineral growth zones, mineral inclusions, and secondary alteration 
suggestive of distinct fluid/rock interaction events.  Optical microscopy and CL were also used to 
identify specific locations for subsequent analysis by LA-ICP-QMS.   
Optical microscopy and image capture were performed on an Olympus BX51 petrographic 
microscope equipped with a Luminera Infinity 1 high resolution digital camera.  The microscope 
has transmitted light, reflected light, and UV-epi fluorescence capabilities, is equipped with a Prior 
electronic stage, and is capable of automated image capture using ImagePro software.  
Cathodoluminescence microscopy was conducted using a Technosyn Model 8200 MKII with a 12 
to 15 Kv beam, current intensity of 0.42 to 0.43 mA, and vacuum pressure below 0.005 Torr.  
Exposure times ranged from 1 to 5 seconds for most samples, and up to a minute for some in order 
to allow sufficient light to be acquired by the camera’s CCD sensor to identify compositional 
heterogeneities or zonation.    
Each sample was imaged using transmitted light in both plane and cross-polarized modes 
and images were taken at 50x, 100x, and 200x magnifications.  Images of the samples following 
LA-ICP-QMS microanalysis were also taken to assess the ablation quality of the SRMs.  If 
reanalysis was required, samples were re-evaluated for the presence of oxidation, which was 
common for the elemental Mg SRMs (NIST 980 and Alfa Aesar 40604).  Re-polishing of the 
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SRMs was conducted at the start of each analysis day to restore a fresh surface prior to LA-ICP-
QMS microanalysis. 
For natural samples, areas were chosen for LA-ICP-QMS microanalysis based on the 
presence of compositional variation in dolomite crystals identified using CL microscopy, 
indicative of changing fluid chemistry.  In addition, select non-dolomitic targets were chosen for 
LA-ICP-QMS microanalysis for comparison purposes.  Target zones were marked with 
Staedtler™ lumocolor permanent markers to facilitate locating and targeting the areas during CL 
and LA-ICP-QMS microanalysis.   
2.4. Trace Element and Isotope Measurement by ICP-QMS 
2.4.1. SN-ICP-QMS Analysis 
Solution nebulization analysis was conducted using an Agilent 7900 ICP-QMS.  A wide 
range of masses was included to quantify the major, minor, and trace element contents of the 
SRMs (JDo-1 in particular).  These data were critical for: 1) determining potential isobaric and 
molecular ion interferences, particularly on isotopes of Mg (24Mg, 25Mg, and 26Mg), that might 
need to be quantitatively corrected for during subsequent LA-ICP-QMS analysis, and 2) 
determining molecular ion interferences that might be present due to the addition of the plasma 
and carrier gases, as well as the aqueous matrix. Potential isobaric and molecular ion 
interferences were chosen based on carrier and atmospheric gases, SRM and sample matrices, 
and published studies on ICP-MS analysis of Mg isotopes (Teng 2017).  Instrument operating 
conditions used during this study are presented in Table 2. 
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SN/LA Parameters 
Mass analyzer Agilent 7900 fast-scanning ICP-QMS 
Rf power 1350 watts 
Solution nebulization system 
Glass Expansion MicroMist nebulizer #1600372 
 
Gas flow rate (SN) 0.93 L/min Ar 
Laser ablation system PhotonMachines short pulse width Analyte Excite excimer 
Laser wavelength 193 nm 
Repetition rate 25 Hz 
Raster width 20 µm-50 µm (20µm chosen as main parameter) 
Fluence 1.16 J/cm2 - 3.26 J/cm2 (1.63 J/cm2 chosen as main parameter) 
Laser output 35 % -100 % (50% chosen as main parameter) 
Traverse time 60 seconds 
Washout time 30 seconds 
Gas flow rates (LA) 
 
0.84 L/min He at ablation cell 
0.36 L/min He at sampler 
0.93 L/min Ar at plasma torch 
 
Table 2: Table of Solution nebulizer, Laser ablation system, and ICP-QMS system operating parameters. 
2.4.2. LA-ICP-QMS Analysis 
Laser ablation ICP-QMS microanalysis was performed using a PhotonMachines Analyte 
Excite 193 nm, sub 4 ns pulse width, ArF excimer laser ablation system coupled to an Agilent 
7900 ICP-QMS.  Samples were introduced into the plasma source from the ablation cell using He 
carrier gas. Helium was used as a carrier gas because its lighter mass allows enhanced uptake of 
ablated material, leading to higher sensitivity and lower background due to faster sample uptake, 
as well as its different thermal properties than Ar, such as higher insulating capabilities, which 
increase efficiency due to enhanced vaporization of particles in the ICP torch (Günther et al., 
1999).  Laser ablation and ICP-QMS system operating conditions used during this study are 
presented in Table 2. 
Four sample slides, which also included natural samples and the Alfa Aesar 40604 foil, 
were loaded into the ablation cell at a time.  The NIST SRM 980, NIST 610 glass, and JDo-1 
dolomite powder SRMs were also placed in the cell for use as external calibration standards. All 
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natural samples and SRMs were cleaned immediately before loading into the ablation cell with a 
fresh Kimwipe and ethanol.  
The masses that were analyzed were chosen based on the elements that were likely to be 
present in the SRMs or natural samples as well as those elements that were likely to produce 
interferences on masses 24, 25 and 26 (24Mg, 25Mg, and 26Mg).  Additional masses were included 
to quantify for potential atmospheric and carrier gas- and matrix-related interferences.   
Each SRM or selected zone within natural samples was analyzed in triplicate using 60-
second line traverses with a 30-second washout time between acquisitions. The analyses were 
conducted over several days to gather sufficient data to characterize the samples and SRMs (JDo-
1 in particular) for elemental abundances (major, minor, and trace element concentrations) as well 
to acquire the data necessary to determine Mg isotope abundances. Agilent Technologies 
Masshunter software was used to operate the instrumentation. 
 Samples and SRMs were wrapped in Parafilm™, sealed in consumer grade bags, and stored 
in a desiccator between analytical sessions to minimize oxidation on polished surfaces.  
Regardless, oxidation was observable on Alfa Aesar 40604 and NIST SRM 980 (Fig. 2), 
necessitating that re-polishing of surfaces be conducted immediately prior to analysis.  
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Figure 2: (NIST SRM 980): Freshly polished surface to a final grit of 8000 under 50x magnification on left.  
Oxidized surface 2 weeks after ablation with storage under partial vacuum and in desiccator on right. 
2.5. Data Reduction and Processing 
Data for mono-elemental Mg standards obtained and processed in the form of integrated 
counts per second (ICPS) per mass scan per mass analyzed. An internal reference standard was 
not possible, nor was it necessary to obtain absolute concentrations of Mg isotopes, rather the 
isotopic abundance ratios were sought; which could be obtained once the ICPS data were 
background corrected and ratioed. Iolite was used to process the elemental concentration data 
obtained for the natural samples and JDo-1 SRM because these materials contain elements in 
addition to Mg that could be used as an internal calibration standard (43Ca in this case), which is 
required to correct for differences between the rates of ablation between the external calibration 
standard (NIST 610 glass) and samples. 
 The ICPS data collected by SN- and LA-ICP-QMS were processed in batches using Visual 
Basic for Applications (VBA) scripts in order to process all files simultaneously.  This was 
necessitated by the large volume of data (over 200 Excel files; one for each analysis line, and each 
containing over 200 rows and approximately 100 columns).  
 Processing of the individual laser ablation files was initially done by averaging the ICPS 
values for the gas/instrumental background (i.e., before commencement of ablation) and 
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subtracting from the ICPS values obtained from individual time slices obtained during ablation of 
the SRMs or samples.  The first and last 10 seconds of each laser ablation signal was omitted so 
that only the stable portion of the signal was included in the evaluation.  From these background-
subtracted data, the within-run and run-to-run precision of 25Mg/24Mg, 26Mg/24Mg, and 26Mg/25Mg 
was calculated as the standard deviation in signal intensity (ICPS), standard error (SE), and 
confidence variable (CV). These values for the SRMs were needed to assess the relative accuracy 
and precision; as well as the influence of any potential interferences. Attempts to identify possible 
sources of interferences and/or fractionation were performed by comparing the data obtained for 
the different SRMs against each other because their different compositions (mono-elemental vs. 
matrix-matched) could be used to differentiate interferences on Mg vs. other elements present in 
JDo-1 and the natural samples. Data obtained were compared to published values and certificates 
of analysis when available.  
The initial data reduction protocol was determined to be insufficient due to unacceptable 
accuracy and precision for the Mg isotope ratios obtained for the SRMs.  Consequently, the data 
reduction protocol used by Crowe et al. (2008) was applied. This technique improves precision 
and accuracy through improved counting statistics, which is obtained using large numbers of mass 
scans, removal of statistical outliers, and summation of the ICPS obtained on individual masses. 
Average background intensities were subtracted from the ICPS obtained for each time slice within 
the integration time obtained during ablation of the SRMs or natural samples.  The mean and 
standard deviation of the background-corrected signal intensities were calculated and any time 
slices where the ICPS were outside ± 2σ of the mean were rejected.  The signal intensities with 
outliers removed were summed for each mass and the total ICPS value obtained for each mass was 
used to calculate the 25Mg/24Mg, 26Mg/24Mg, and 26Mg/25Mg.  The relative standard deviation and 
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relative standard error were calculated using Equations 1 to 3.  RSDCSR (Eq. 2) is a simplified 
formula for calculating RSDBCSR (Eq. 1), which is applicable in instances were background is much 
lower than integration time, and thus negligible (Crowe et al., 2008). RSD and relative standard 
error (RSE) (Eq. 3) were calculated to track the within run precision and consistency in analysis 
and the confidence in the measurements returned. 
 
 
1. 𝑅𝑆𝐷𝐵𝐶𝑆𝑅 = √(
√𝑛(𝑛)𝑥+𝑛(𝑛)𝑏
𝑛(𝑛)𝑥−𝑛(𝑛)𝑏
)
2
+ (
√𝑛(𝑑)𝑥+𝑛(𝑑)𝑏
𝑛(𝑑)𝑥−𝑛(𝑑)𝑏
)
2
 
 
Equation 1: Formula for calculating Relative Standard Deviation of a population with background subtraction. 
 
2. 𝑅𝑆𝐷𝐶𝑆𝑅 = √
1
𝑛𝑛
+
1
𝑛𝑑
 
Equation 2: Simplified formula for calculating Relative Standard Deviation of a population with negligible 
background signal intensity, and thus no subtraction needed. 
 
3. 𝑅𝑆𝐸 =
𝑅𝑆𝐷
√𝑁
 
 
Equation 3: Formula for obtaining Relative Standard Error using RSD and the population size. 
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CHAPTER 3: RESULTS 
 This chapter presents the results obtained in this study starting with the preparation of the 
SRMs and natural samples, optical microscopy and cold CL analysis, and SEM-EDX analysis, 
followed by the results of the elemental and isotopic analysis by SN-ICP-QMS and LA-ICP-QMS.  
The accuracy and precision of these analyses are then compared based on the different data 
reduction schemes that were applied to the data. 
3.1. Characterization of Standard Reference Materials and Natural Samples 
3.1.1. Optical Microscopy of Standard Reference Materials 
The SRMs used in this study were prepared for LA-ICP-QMS microanalysis and include a pure 
Mg foil mounted to a petrographic slide (Alfa Aesar 40604) and pure Mg flakes that were vacuum 
impregnated in epoxy resin (NIST SRM 980) (Fig. 3), as well as dolomite powder that was vacuum 
impregnated in epoxy resin to form a puck (JDo-1). Figures 4 to 7 show these prepared standards 
under magnification by optical microscopy.   
 
Figure 3: Image of various standard reference materials prepared for analysis. JDo-1 at the top, with the non-
ablated side on left and polished surface on right to demonstrate efficacy of Logitech IU-30 vacuum impregnation 
machine. Middle standard is Alfa Aesar 40604 foil mounted directly to slide using 3M double-sided tape. Bottom 
puck is NIST SRM 980 vacuum impregnated in the same two-part epoxy used for JDo-1. Scale bar in cm.  
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JDo-1 when vacuum impregnated in 2-part carbon-based epoxy showed a heterogenous 
distribution of grains within the epoxy matrix (Fig. 4). The grains are on average <100 µm.  The 
surface of puck easily attained a flat polish with progressive polishing to 8000 grit. 
 
Figure 4: JDo-1 dolomite powder reference standard vacuum impregnated in Logitech 2-part epoxy polished using 
600 to 8000 grit 3M polishing paper. Puck S1 on left (A-C) and puck S2 on right (D-F), magnifications are 50x, 
100x, and 200x under reflected light. 
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Alfa Aesar 40604 left unpolished showed a largely flat surface, however, had visible pits 
and oxidization when subjected to atmospheric conditions (Fig. 5). These dark spots of oxidation 
measured < 100 µm with many being below the 20 µm raster width the laser was operated at. 
This oxidation also takes the form of alternate dark and light banding across the surface. 
 
Figure 5A-C: Unpolished Alfa Aesar 40604 foil under 50x (A), 100x (B), 200x (C) reflected microscopy. 
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NIST SRM 980 polished to 8000 grit showed a flat surface, however, had visible 
randomly oriented striations from the polishing process (Fig. 6). These striations are larger and 
more abundant in the puck polished to only 6000 grit (Fig. 7).  
 
Figure 6A-E: Two grains of NIST SRM 980 vacuum impregnated in Logitech 2-part epoxy resin and polished by 600 
to 8000 grit 3M polishing paper. Images taken under reflected microscopy: Grain 1 and 2 at 50x (A), grain 1 at 
100x (B) and 200x (C), and grain 2 at 100x (D) and 200x (E). 
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Figure 7A-B: A second puck was cast in epoxy as well attempt different polishing techniques; this sample was 
polished only 6000. Photo A at 50x and B at 200x magnification. 
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3.1.2. Optical Microscopy of Natural Dolomite Samples 
Several dolomite samples were used in this study to: 1) investigate the precision and 
accuracy of Mg isotope measurements using LA-ICP-QMS in SRMs and natural samples, and 2) 
characterize the variability in Mg isotope ratios in natural, zoned dolomites (if any) resulting from 
successive fluid alteration events. Below are petrographic descriptions of the natural dolomite 
samples included in this study. These samples include vug- and fracture-filling dolomite cements 
with single and multiple zoned structures which were measured in triplicate within a target area 
across multiple zones in order to track the change in Mg isotope ratios and average standard 
deviation between them as a measure of their variability. 
Images are listed as a color and corresponding number, which corresponds to the internal 
label on thick sections made with Staedler Lumocolor markers (eg. GREEN-1, RED-2, PINK-3, 
BLUE-4, BROWN-5). This was done to aid in targeting during CL and LA-ICP-QMS due to the 
added complexity of target acquisition under vacuum coupled with long exposure times for CL. 
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Sample 1-28 
Sample 1-28 was recovered from well DGR1-CR121 from the Silurian Salina A1 unit from the 
Bruce Nuclear site (DGR) at a depth of 342.27 m (Tortola 2019).  The host rock is an argillaceous 
dolostone. The sample represents a fracture-filling ferroan saddle dolomite cement postdating 
replacive matrix dolomite. Saddle dolomite crystals show zoning, wavy extinction, and curved 
crystal boundaries (Fig. 8). This dolomite is non-stoichiometric and contains more than 60% 
CaCO3 (Tortola 2019).  
 
Figure 8: Transmitted light of 1-28 (Green-1 taken at 50x (left) and 100x (right) of zoned coarse crystalline saddle 
dolomite cement (<500 µm). Blocky calcite cement intergrown in surrounding (200>500 µm). (RED-2) taken at 50x 
(left) and 100x (right) of zoned saddle dolomites (<500 µm). 
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Sample 1-31 
Sample 1-31 is a dolostone from the Silurian Guelph Formation, which was recovered from the 
DGR site at a depth of 378.1 m (Tortola 2019). The sample shows both coarse crystalline euhedral, 
planar-e to planar-s (Sibley et al., 1984), pervasive dolomite, and saddle dolomite cement with 
inclusion-rich cores and inclusion-poor rims. These dolomites are non-stoichiometric and contain 
over 60% CaCO3. 
 
Figure 9: Transmitted light of 1-31 (GREEN-1) taken at 50x (left) and 100x (right) of saddle dolomite with coarse 
crystalline dolomite cement (<500 µm). (PINK-3) taken at 50x (left) and 100x (right) of pervasive replacement 
medium to coarse crystalline dolomite matrix (>50 µm up to 150 µm). 
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Sample 8-9 
Sample 8-9 (Fig. 10) was recovered from the DGR site, from the Silurian Salina A2 unit, at a depth 
of 313.31 m (Tortola 2019). The sample comprises coarse crystalline, euhedral, zoned saddle 
dolomite with inclusion-rich cores and inclusion-free rims, which is also non-stoichiometric 
(Tortola 2019). 
 
Figure 10: 50x Optical transmitted light of coarse crystalline saddle dolomite cement (<500 µm). Also present is 
blocky calcite cement (200 to >500 µm) and anhydrite cement (<50 µm to >500 µm). Zone GREEN-1 (top left), RED-
2 (top right), PINK-3 (bottom left) and BLUE-4 (bottom right). 
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Sample 8-13 
Sample 8-13 is a dolostone from the Silurian Guelph Formation obtained from the DGR site, which 
was recovered at a depth of 382.4 m (Tortola 2019). The sample consists of micro to medium 
crystalline euhedral replacive planar-e inclusion-rich dolomite (Fig. 11).  Inclusion-poor dolomite 
cement fills fractures. Both dolomite types are non-stoichiometric (Tortola 2019).  
 
Figure 11: Optical transmitted light of pervasive replacive micro to fine crystalline dolomite matrix (<50 µm to 150 
µm) in sample 8-13. Zone GREEN-1 on top (50x on left, 100x on right) and RED-2 on bottom (50x on left, 100x on 
right). 
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Sample 32-1 
Sample 32-1 comprises saddle dolomites recovered from the Sikanni field located in northeastern 
British Columbia, which is part of the Upper Debolt Formation and of Mississippian age (White 
1995). The sample represents a coarse crystalline, fracture-filling, saddle dolomite cement (Fig. 
12). This dolomite is inclusion rich and comprises approximately 56 mole % CaCO3 (White 1995).   
 
Figure 12: 50x (top) and 100x (bottom) optical transmitted light of saddle dolomite cement textures present in zone 
GREEN-1 of sample 32-1. 
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Sample 32-10 
Sample 32-10 comprises saddle dolomite from the Sikanni fields located in northeastern British 
Columbia, which is part of the Upper Debolt Formation and of Mississippian age (White 1995). 
The sample consists of coarse, euhedral, zoned saddle dolomite contained in vugs and fractures. 
The cores are inclusion rich, while the rims contain fewer inclusions (Fig. 13). The dolomite 
comprises approximately 56 mole % CaCO3 (White 1995).  
 
Figure 13: 50x (left) and 100x (right) optical transmitted light of saddle dolomite (50 > 150 µm) textures present in 
zone PINK-3 (top) of sample 32-10. 50x (left) and 100x (right) optical transmitted light images of saddle dolomite 
cement textures present in zone BLUE-4 of sample 32-10 (bottom). 
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Sample D-5 
 
Sample D-5 comprises saddle dolomite from the Duvernay Formation of central Alberta, which is 
of Upper Devonian age (Adam 2000). This sample contains coarse crystals of saddle dolomite that 
are mostly clear and show poor zoning that occur in fractures and postdates blocky calcite cement 
(Fig. 14).  
 
Figure 14: 50x (left) and 100x (right) optical transmitted light images of saddle dolomite (>150 µm) textures present 
in zone RED-2 (top) and PINK-3 (bottom) of sample D-5. 
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3.1.3. Cold Cathodoluminescence Microscopy of Natural Dolomite Samples 
Cold CL microscopy provides compositional information about mineral zonation in dolomite 
crystals that might not be apparent using transmitted light microscopy. This compositional 
information provides insights into the timing of alteration and the nature of the fluid that caused 
this zonation.  Descriptions of the CL characteristics of the natural samples are presented below.  
Sample 8-9 
 
Sample 8-9 exhibits uniformly dull to non-CL active zones in saddle dolomite cement, suggesting 
compositional uniformity (Fig. 15). The thin outer rim of dolomite crystals does exhibit bright 
orange CL.  
 
Figure 15: 50x Cold Cathode luminesce images of saddle dolomite textures present in sample 8-9. Zone GREEN-1 
(top left), RED-2 (top right), PINK-3 (bottom left) and BLUE-4 (bottom right). Note the well-defined boundaries of 
successive zonation occurring. 
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Sample 8-13 
Sample 8-13 exhibits mostly a very bright red CL character with poorly defined zones, which are 
present only in some crystals (Fig. 16).  
 
Figure 16: 50x (top) and 10x (bottom) Cold Cl images of pervasive replacive micro to fine crystalline dolomite 
matrix (<50 µm to 150 µm) dolomite textures present in zone GREEN-1 (top) and RED-2 (bottom) of sample 8-13. 
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Sample 1-31 
 
Sample 1-31, which comprises euhedral replacive matrix dolomite, exhibits blotchy CL 
character, with luminescent red and dull areas, suggesting compositional heterogeneity in CL 
active elements (Fig. 17).   
 
Figure 17: 50x Cold CL images of dolomite textures present in zone GREEN-1 (top) and PINK-3 (bottom) of sample 
1-31. Note presence of medium to coarse (50 µm >150 µm) crystalline dolomite matrix. 
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Sample 32-1 
 
Sample 32-1 shows dull to bright CL areas within the crystals, perhaps indicating compositional 
heterogeneity along multiple zonation events. (Fig. 18).  
 
Figure 18: 50x Cold Cl images of dolomite textures present in zone GREEN-1 (top) (microcrystalline dolomite 
cement) and large dolomite cement PINK-3 (bottom) (oolitic dolostone) of sample 32-1. 
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Sample 32-10 
 
Sample 32-10 shows irregular, multi-zoned dolomite with bright red and dull CL active zones, 
suggesting considerable compositional heterogeneity in CL active elements (Fig. 19). 
 
Figure 19: 50x Cold CL images of dolomite textures present in zone GREEN-1 (top) and BLUE-4 (bottom) of 
sample 32-10. 
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Sample D-5 
 
Sample D-5 shows multi-zoned, coarse crystalline saddle dolomite. There are at least 6 zones of 
bright red and dull CL, suggesting considerable compositional heterogeneity in CL active 
elements (Fig. 20). The cores of the crystals usually exhibit dull to no luminescence.   
 
Figure 20: 50x (top) and 10x (bottom) Cold Cl images of saddle dolomite textures present in zone RED-2 (top) and 
PINK-3 (bottom) of sample D-5 showing very clearly defined successive zonation events as a result of pore fluid 
chemistry changes. 
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3.1.4. SEM/EDS Assessment of JDo-1 Residue 
Digestion of JDo-1 by nitric acid resulted in a black-colored sediment remaining at the 
bottom of each Savillex vial.  The sediment was suspected to be undigested silicate minerals 
because addition of 5 mL concentrated HNO3 to these samples failed to dissolve the sediment.  
The samples were filtered through Whatman™ qualitative filter paper that had been prewashed 
with Milli-Q water and 5% HNO3. The filter paper containing the sediment was then analyzed by 
SEM with EDS to determine the chemical composition of the sediment. (Fig. 21). 
 
Figure 21. 250x magnification SEM image of Whatman qualitative filter paper with undigested sediment. 
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Figure 22. SEM image of the 5 target zones chosen for EDS measurement. 
 
Due to the variety in textural appearance of the unknown particulate grains, five specific 
zones were chosen for analysis.  Two were targeted on the fibers of the Whatman qualitative filter 
paper to act as a control, while three were targeted at different fragments of the black-colored 
sediment (Fig. 22).  The results are presented in Figures 23 and 24 and Tables 3 and 4. Analytical 
results for all target zones are included in Appendix 12. 
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Figure 23. EDS results for Zone 2 (black residue) 
Element Wt % Atomic % 
C K 13.25 19.59 
O K 53.49 59.35 
AlK 1.56 1.03 
SiK 31.69 20.03 
Table 3: eZAF Smart Quant results for Zone 2 (black residue). 
 
Figure 24. EDS results for Zone 4 (filter paper) 
Element Wt % Atomic % 
C K 37.33 46.87 
O K 50.42 47.53 
AlK 2.10 1.17 
CaK 7.68 2.89 
MgK 2.48 1.54 
Table 4: eZAF Smart Quant results for Zone 4 (filter paper). 
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EDS results confirmed that the black sediment remaining in the Savillex vials after reaction 
was undigested silicate minerals; which is likely quartz due to the high concentrations and relative 
proportions (approximately 1:2) of silicon and oxygen (Table 3).  As a result, the natural dolomite 
samples were filtered and weighed before and after filtration using Whatman™ qualitative filter 
paper, and the mass difference was factored into subsequent data reduction and calculation of 
dilution factors. A triple acid digestion with HF/HCl/HNO3 likely would be required to achieve 
complete sample digestion, however, the increased complexity as well as risk of contamination 
and use of hazardous acids (HF) make this unnecessary for this application. High aluminum and 
calcium measurements are indicative of other undissolved minerals, sample contamination, or 
possibly misidentification of spectral peaks due to the use of automatic peak identification software 
(Newbury 2009). 
3.2. SN-ICP-QMS of Standard Reference Materials 
3.2.1. JDo-1  
 
Elemental Chemistry 
 
JDo-1 was analyzed for its major, minor, and trace element concentrations because it was 
the only dolomite standard for which certified reference values are available. The certified values, 
however, do not include Mg isotope ratios because the standard was developed as an elemental 
standard. The results of the analyses and their comparison to the certified reference values are 
provided in Table 5. 
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Conc (ppm) 3-JDo-1 4-JDo-1 5-JDo-1 16-JDo-1 JDo-1 SN CRV 
24  Mg 104109.76 102978.06 105177.30 104715.83 114000 
25  Mg 105224.77 104395.95 105830.68 105108.06 114000 
26  Mg 103627.25 102821.94 104644.84 104539.61 114000 
59  Co 0.60 0.52 0.65 
 
0.168 
60  Ni 3.53 3.81 5.72 19.96 2.9 
62  Ni 3.44 3.49 4.00 17.70 2.9 
66  Zn 878.71 491.12 1031.83 801.24 35.4 
85  Rb 0.07 0.40 0.31 0.07 1.75 
86  Sr 101.98 93.26 97.10 91.90 116 
88  Sr 100.39 92.46 97.01 91.19 116 
89  Y 7.93 7.77 7.95 7.64 10.3 
111  Cd 0.81 0.49 0.94 0.89 0.644 
137  Ba 73.83 
   
6.14 
139  La 5.88 5.59 5.65 5.40 7.93 
140  Ce 1.27 1.02 1.07 1.03 2.49 
141  Pr 0.80 0.83 0.84 0.76 0.956 
146  Nd 3.46 3.68 3.61 3.31 5.25 
147  Sm 0.61 0.47 0.61 0.54 0.788 
151  Eu 0.13 0.11 0.12 0.12 0.176 
153  Eu 0.17 0.12 0.16 0.14 0.176 
157  Gd 0.92 5.60 1.26 0.83 1.3 
159  Tb 0.10 0.09 0.13 0.11 0.116 
163  Dy 0.60 0.54 0.66 0.52 0.814 
165  Ho 0.15 0.13 0.14 0.13 0.42 
166  Er 0.42 0.43 0.37 0.42 
 
169  Tm 0.05 0.04 0.04 0.03 0.059 
172  Yb 0.21 0.32 0.24 0.16 0.323 
175  Lu 0.03 0.02 0.03 0.03 0.0494 
206  Pb 44.94 130.38 38.30 17.43 0.95 
207  Pb 47.00 137.92 38.88 16.47 0.95 
208  Pb 45.89 134.00 38.81 16.68 0.95 
209  Bi 0.41 0.28 0.39 0.27 
 
238  U 0.78 0.78 0.66 0.64 0.858 
Table 5: Elemental abundances of major, minor, and trace elements in JDo-1 analyzed by solution nebulization. Values 
reported in ppm.  
 
Trace element chemical analysis of JDo-1determined by SN-ICP-QMS (Table 5) returned 
values largely consistent with published values, although there were large differences for masses 
66Zn, 206Pb, 207Pb and 208Pb compared to the published CRVs.  The source of these differences 
could be measurement or calculation error, sample contamination, or uncorrected isobaric or 
molecular ion interferences.  These deviations were noted repeatedly across all aliquots of JDo-1 
that were analysed during this study (Table 5). All masses of Pb showed similar deviations from 
 46 
 
the published values, with a standard deviation between the masses of approximately 3 ppm or 
less.  It can be concluded, therefore, that these high concentrations likely result from sample 
contamination because interferences are unlikely to affect all Pb masses to the same degree. The 
anomalously high concentrations of 66Zn could also be the result of sample contamination, 
however, they more likely result from the presence of a molecular ion interference on mass 66 due 
to formation of magnesium argide (MgAr+), which would cause anomalously high 66Zn counts. 
Lower 66Zn and higher Pb concentrations for 4-JDo-1 relative to the other analysis indicate that 
JDo-1 likely suffers from compositional heterogeneity (Table 6) and (Figs. 25 and 26).  
Analysis 66Zn    206 Pb    207Pb    208Pb    STD DEV 206Pb - 208Pb 
3-JDo-1 878.71 44.94 47 45.89 0.8425122 
4-JDo-1 491.12 130.38 137.92 134 3.0762944 
5-JDo-1 1031.83 38.3 38.88 38.81 0.2584323 
16-JDo-1 801.24 17.43 16.47 16.68 0.413008 
STD DEV JDo-1 197.07 43.14 46.32 44.71 1.1475617 
JDo-1 (CRV) 35.4 0.95 0.95 0.95 
  
JDo-1 AVG- JDo-1 CRV 765.32 56.81 59.11 57.9 
Table 6: Problematic masses compared to the published CRV values (Imai et al., 1996) as well as the standard 
deviation and difference between the two. 
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Figure 25: JDo-1 66Zn ppm values compared to the certified reference value (CRV).  Significant enhancement in 
signal intensity is observed due to MgAr+ formation that is proportional to Mg content (sample 4 measured lower in 
Mg content). 
 
 
Figure 26: JDo-1 Pb by SN shows elevated concentrations relative to the certified reference value of 0.95, which is 
likely due to sample heterogeneity and/or contamination.  
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Trace element chemistry indicates that the majority of analysed masses deviated from their 
published values to some degree (approximately 15 to 25%) across all masses except Zn and Pb. 
Magnesium concentrations deviated by approximately 8% from published values. It should be 
noted, however, that a significant proportion of the published and measured concentration data 
were less than 10 ppm and, in some cases, less than 1 ppm, leading to the large percentage 
differences between measured and published values due to counting statistics and uncertainties 
inherent with limits of detection at low concentration. 
Isotope Ratio Measurements 
The Mg isotope ratios measured for JDo-1 (Table 7) were consistent across multiple 
analyses, with standard error below 0.0005 on 26Mg/24Mg and 25Mg/24Mg. A two-fold increase in 
deviation from the DSM-3 values for 26Mg/24Mg compared to 25Mg/24Mg likely suggests a mass 
interference on 26Mg. Both measured ratios are significantly higher than expected, indicating that 
mass interferences of varying degrees are differentially influencing 25Mg and 26Mg, thus returning 
anomalously elevated isotope ratios.  Alternatively, all Mg isotopes may be influenced by 
interfering molecular ions resulting from one or a combination of sample matrix effects, plasma 
gases, air entrainment, or the presence of water. This could be tested using  a desolvating nebulizer, 
which would remove the water from the samples and reduce the effects of wet plasma conditions.  
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JDo-1 SN 26Mg/24Mg 25Mg/24Mg 26Mg/25Mg δ26MgDSM-3  δ25MgDSM-3 
DSM 3  0.1396906 0.1269141 1.10067045 0 0 
1 0.155588 0.13324 1.167726 113.8043648 49.84394957 
2 0.156039 0.134056 1.163981 117.0329285 56.27349522 
3 0.155345 0.134435 1.155539 112.0648061 59.25976704 
12 0.158566 0.136058 1.165429 135.1229073 72.04794424 
13 0.159187 0.138216 1.151724 139.5684463 89.0515711 
14 0.156504 0.134543 1.163226 120.3617137 60.11073632 
18 0.157668 0.135388 1.164562 128.6944147 66.76878298 
19 0.156458 0.133858 1.168829 120.0324145 54.71338488 
20 0.154348 0.136905 1.127413 104.9276043 78.72174959 
21 0.156045 0.135605 1.150729 117.0758806 68.47860088 
22 0.156051 0.132658 1.176339 117.1188326 45.25817068 
25 0.155142 0.1338 1.159507 110.6115945 54.25638286 
26 0.160166 0.135139 1.185195 146.5767919 64.80682603 
avg 0.156700538 0.134915462 1.161553769 121.7686692 63.04548934 
std dev 0.001641605 0.001474918 0.013361972 11.75172039 11.6213849 
std error  0.000455299 0.000409069 0.003705944 3.259340803 3.223192241 
 
Table 7: Isotope ratios derived from ICPS values for 24Mg, 25Mg, and 26Mg of JDo-1 by SN-ICP-QMS. The deviation 
from the DSM-3 values are provided in ‰. 
 
3.2.2. Alfa Aesar 40604 Foil  
 The Alfa Aesar 40604 foil was readily digested to completion by single acid digestion with 
HNO3 in Savillex PTFE vials before serial dilution to attain a suitable Mg concentration for SN-
ICP-QMS analysis.  Sample masses and serial dilution data are presented in Appendix B. 
 
Elemental Chemistry 
Only the total wt% values for Mg, Al, Fe, Ni, Cu, Si, Zn, and Mn (Appendix A) were 
supplied with Alfa Aesar 40604 foil.  The availability of Alfa Aesar 40604 foil, however, makes 
it attractive as a potential SRM due to its low cost compared to NIST SRM 980 and DSM-3.  
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Further elemental and isotopic validation of Alfa Aesar 40604 foil, however, is required for it to 
be used as an SRM. 
On average, Mg concentrations in Alfa Aesar 40604 foil were determined in this study to 
be approximately 94 wt% (Table 8), except Sample 12-AAsn. Nickel was detected at 
concentrations lower than the detection limit of the Alfa Aesar 40604 foil certificate of analysis 
(CoA) with the exception of analysis 12-AA, which was approximately 19 times higher than the 
reported CoA value. 
Zinc concentrations were determined to be between 19 and 60 times higher than the CoA 
values for Alfa Aesar 40604 foil. This affected all samples and is most likely the result of 
interference on the 66Zn mass by MgAr+ (Mason et al., 2004). This enhancement of 66Zn is 
proportional to Mg content, however, and thus 66Zn measurements on sample 12-AAsn were less 
than half that of the other samples (Table 8). 
Lead concentrations were found to be anomalously high across all samples, although 
concentrations of Pb in 12-AAsn are half that of the other two samples, which is likely indicative 
of sample heterogeneity. 
ID# 24Mg 25Mg 26Mg 60Ni 62 Ni 66Zn 89Y 111Cd 137Ba 157Gd 206Pb 207Pb 208Pb 
12-AAsn 906143.99 929522.22 897323.98 192.84 190.71 1357.85 0.26   2.14 30.46 27.20 28.36 
13-AAsn 937774.92 974303.64 934569.74 5.02 6.99 3598.91 1.41 2.11 48.06 1.95 72.91 70.81 72.38 
18-AAsn 951657.36 979869.13 951251.91  4.84 4890.85 0.57 2.70 85.69 0.50 78.27 74.03 75.84 
AAsn 
(CRV) 
999000 999000 999000 10 10 70        
Table 8: Trace element chemistry of Alfa Aesar foil in ppm.  
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Mg Isotope Ratios 
The Mg isotope ratios for Alfa Aesar 40604 foil were relatively consistent between 
analyses (Table 9), although all ratios were significantly elevated relative to the Mg isotope values 
typically found in nature. 
 26Mg/24Mg 25Mg/24Mg 26Mg/25Mg 
12-AAsn   0.15950 0.13727 1.16190 
13-AAsn   0.16051 0.13903 1.15451 
18-AAsn   0.16099 0.13779 1.16844 
AA Foil: Minimum 0.15950 0.13727 1.15451 
AA Foil: Maximum 0.16099 0.13903 1.16844 
AA Foil : Mean 0.16033 0.13803 1.16162 
AA Foil: Median 0.16051 0.13779 1.16190 
AA Foil: Range 0.00150 0.00176 0.01393 
AA Foil: Interquartile Range 0.00150 0.00176 0.01393 
AA Foil: Standard Deviation 0.00077 0.00090 0.00697 
CV% 0.47722 0.65563 0.60014 
Table 9: Mg isotope ratios for Alfa Aesar 40604 foil analysed by SN-ICP-QMS and calculated from ICPS values.  
3.2.3. NIST SRM 980  
NIST SRM 980 is the only SRM included in the study that has published Mg isotope ratios 
(Appendix A), however, published major, minor, and trace element concentration data are not 
available.  Consequently, the SRM was analyzed to determine its elemental composition and the 
results are presented below.  
Trace Element Chemistry 
 
Most elements included in the analysis of NIST SRM 980 were determined to be below 
the limit of detection of the method with the exception of Zn and Pb (Table 10). Lead was detected 
at concentrations ranging from approximately 12 to 66 ppm and all measured isotopes of Pb 
produced comparable within-sample results, suggesting that Pb is present in the SRM.  Zinc was 
detected at concentrations ranging from approximately 1050 to 3410 ppm, however, this is most 
likely the result of interference by MgAr+ on 66Zn and not due to the presence of Zn in the SRM 
(Mason et al., 2004). 
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Sample 66Zn 206Pb 207Pb 208Pb 
8-NIST SRM 980 1781.576 38.570 35.071 35.298 
9-NIST SRM 980 1043.623 14.340 12.487 14.599 
17-NIST SRM 980 3409.642 65.543 64.784 64.316 
Table 10: Trace elements in NIST SRM 980 analyzed by SN-ICP-QMS in a nitric acid (HNO3) and Milli-Q water 
matrix. Values are reported in ppm. 
 
 
Mg Isotope Ratios 
 
 The Mg isotope abundances of NIST SRM 980 were measured by SN-ICP-QMS and 
isotope ratios were determined using averaged, background-subtracted ICPS data.  The results 
are presented in Figure 27 and Table 11. The analyses of Mg isotope abundances in NIST SRM 
980 indicate that both 26Mg/24Mg and 25Mg/24Mg ratios likely suffer from interferences causing 
higher ratios than expected. This effect occurs on all the isotope ratios, which could be indicative 
of either depressed 24Mg values potentially coupled with enhancement of 26Mg values.  
 
Figure 27:  Mg Isotope ratios for NIST SRM 980 determined by solution nebulization.  
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Sample Name 26Mg /24Mg 25Mg/24Mg 26Mg/25Mg δ 26MgDSM-3 δ25MgDSM-3 
8-NIST SRM 980 0.16034 0.13880 1.15518 147.80549 93.63919 
9-NIST SRM 980 0.16148 0.13800 1.17011 155.97468 87.37382 
17-NIST SRM 989 0.15761 0.13757 1.14574 128.31351 83.92498 
J27-9-NIST SRM 980 0.15297 0.13600 1.12475 95.03531 71.59094 
NIST SRM 980 CRV 0.13932 0.12663 1.13610 -2.65301 -2.23852 
Mean 0.15810 0.13759 1.14895 131.78225 84.13223 
STD Dev 0.00328 0.00102 0.01645 23.47545 8.03457 
STD error 0.00164 0.00051 0.00823 11.73773 4.01728 
Table 11: ICPS measurements for Mg on masses 24, 25 and 26 and their respective isotopic ratios. The certified 
reference value is listed for comparison with deviation from DSM-3 delta zero material in ‰ 
3.3. Assessment of Ablation Quality on Standard Reference Materials 
Testing of laser ablation yield and quality of laser transects was performed on all SRMs 
chosen for this study to assess the differential absorption properties of each material and thus 
optimize laser operating parameters. This was necessary due to the challenges presented by 
ablating the highly reflective surfaces of elemental Mg standards NIST SRM 980 and Alfa Aesar 
40604 foil. Testing was performed in gridded patterns for spot drilling and as parallel transects for 
line ablation. A variety of spot sizes, as well as laser output powers and fluences were tested to 
determine the ideal laser parameters for consistent ablation and high ICP-QMS sensitivity.  
3.3.1. JDo-1 
Laser ablation of epoxy-impregnated JDo-1 dolomite powder showed consistent results 
with little redeposition of ejecta from the ablation channels on the adjacent sample surface (Fig. 
28). The reflectivity of the surface did not appear to have a significant impact on laser energy 
absorption.  
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Figure 28. JDo-1 epoxy impregnated pucks under optical microscopy. Ablation transect at 50x magnification on left 
and 200x on right.  
3.3.2. Alfa Aesar 40604 Foil 
 Microscopic examination of laser ablation spots in 1 mm thick Alfa Aesar 40604 foil 
showed evidence of transfer of heat to the surrounding material, as evidenced by discoloration 
(Fig. 29).  Furthermore, molten ejecta was observed to have been redeposited in the area 
surrounding the ablation pits under SEM analysis (Fig. 31). Evidence of sample heating and ejecta 
deposition was noted at all laser fluences, but particularly at higher fluences and larger spot sizes 
(Fig. 30). 
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Figure 29: Alfa Aesar Foil under reflected light at 50x magnification. Fluence (y-axis) and spot size (x-axis) were 
variable while rep rate (25 Hz) and shot count (600) were constant. Red circles indicate areas of visible 
discoloration of magnesium, indicating heat affected zone; which could contribute to fractionation. 
 
 
 
Figure 30: Alfa Aesar foil under reflected light at 100x magnification. Fluence and spot size were variable while rep 
rate (25 Hz) and shot count (600) were constant. Indication of significant redeposition of ejected material is shown 
on surrounding surfaces. 
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Figure 31: SEM backscatter electron image of Alfa Aesar 40604 foil showing ejected and redeposited material 
surrounding and within ablation site (1500x magnification, spot size of 50 µm and fluence of 3.26 J/cm2). 
3.3.3. NIST SRM 980 
The high reflectivity attained as a result of the polishing regimen applied to NIST SRM 
980 proved to be a factor in the inability to maintain consistent and even ablation (Fig. 32).  Initial 
measurements conducted on highly polished (8000 grit) surfaces returned measurably lower ICPS 
rates on all Mg isotopes (24Mg, 25Mg, 26Mg) compared to the JDo-1 dolomite standard, despite the 
Mg content of the NIST standard being much higher than dolomite (100% compared to 13%). 
Consequently, subsequent measurements were performed on surfaces polished using a 
maximum grit of 6000, however, outcomes were similar and negligible improvement was observed 
in ablation yield or consistency and count rates.  
 57 
 
 
Figure 32: SEM image on left (1500x) and reflected light image on right (50x) of 60 sec traverse on NIST SRM 980. 
 
3.4. Laser Ablation ICP-QMS of Standard Reference Materials 
3.4.1 JDo-1 
 
Elemental Chemistry 
The composition of JDo-1 (dolomite) enables conversion of raw ICPS data to 
concentrations through use of 43Ca as an internal standard to calibrate against NIST 610 glass.  
Concentrations determined for JDo-1 from the laser ablation ICPS data using Iolite software are 
provided in Appendix D and are presented graphically in Figure 33.  
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Figure 33: Log concentration box and whisker plot of JDo-1 trace element concentrations in ppm by LA-ICP-QMS. 
Significantly elevated Cl values is indicative of a possible interference, which is likely 
associated with Argon entrainment within the system, a common interference making Cl a 
problematic mass to analyse. High Si corroborates with the results of the analysis by EDS on 
undigested mass, which indicated the presence of quartz.  The cause of the variability in Ti 
concentration is not readily apparent, but is most likely due to microscale variability in the JDo-1 
SRM. 
Mg Isotope Ratios  
The Mg isotope ratios derived by summation of the background subtracted and outlier 
screened ICPS data are presented in Table 12 and are converted to δ26MgDSM-3 and δ25MgDSM-3.  
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Scatterplot of the Mg isotope ratios provided in Figure 34.  The Mg isotope CRVs for DSM-3 are 
included in the figures for comparison purposes.   
Analysis 
SUM CPS 
26Mg/24Mg 
SUM CPS 
25Mg/24Mg 
SUM CPS 
26Mg/25Mg  
δ 26MgDSM-3  δ 25MgDSM-3  
JDo-1 (1) 0.18069 0.14458 1.24975 293.50675 139.20744 
JDo-1 (2) 0.16683 0.13628 1.22413 194.26511 73.81587 
JDo-1 (3) 0.18905 0.15402 1.22746 353.37486 213.57943 
JDo-1 (4) 0.18671 0.14726 1.26792 336.61814 160.30772 
JDo-1 (5) 0.18089 0.15293 1.18285 294.92065 204.95057 
JDo-1 (6) 0.16904 0.13245 1.27622 210.08098 43.63303 
JDo-1 (7) 0.17035 0.13141 1.29634 219.46709 35.39819 
JDo-1 (8) 0.18899 0.14160 1.33465 352.88589 115.70525 
JDo-1 (9) 0.17369 0.13481 1.28843 243.40500 62.21039 
  JDo-1 (10) 0.17746 0.14070 1.26128 270.38591 108.61409 
STD DEV 0.00785 0.00766 0.00785 56.16515 60.32921 
MEAN 0.17837 0.14160 1.26090 276.89104 115.74220 
STD ERROR 0.00248 0.00242 0.00248 17.76098 19.07777 
Min 0.16683 0.13141 1.18285 194.26511 35.39819 
Max 0.18905 0.15402 1.33465 353.37486 213.57943 
 Range 0.02223 0.02261 0.15180 159.10975 178.18124 
Table 12: LA-ICP-QMS results for JDo-1 processed by the method of Crowe et al. (2008). Values reported in 
absolute abundance ratios derived from ICPS data, as well as deviation from DSM-3. 
 
  
Figure 34: Scatter plot depicting LA-ICP-QMS Mg isotope ratios of JDo-1 calculated using the method of Crowe et 
al. (2008) with the value for DSM-3 and JDo-1 derived by SN-MC-ICP-MS plotted for reference. 
 
Significant and consistent increases in Mg isotope ratios relative to DSM-3 were observed 
for all SRMs, with measurements being on average 0.04 higher for 26Mg/24Mg and 0.15 higher for 
25Mg/24Mg, with a standard deviation of approximately 0.008 and standard error of approximately 
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0.002.  Because there are no available published Mg isotope ratios for JDo-1, comparison to other 
materials is not possible. The measured Mg isotope ratios for the SRMs deviated approximately 
277‰ for 26Mg/24Mg and 116‰ for 25Mg/24Mg from the DSM-3 published values. The 
consistently high ratios indicate that some Mg isotopes (i.e., 25Mg, 26Mg) are being detected at 
higher than expected levels, some Mg isotopes (i.e., 24Mg) are being detected at lower than 
expected levels, or some combination of the two.  The most likely explanation for the consistently 
elevated Mg isotope ratios relative to the expected values is the presence of molecular ion 
interferences (e.g., oxides, nitrides, hydroxides, carbides) on masses 25 and 26.  The source of 
these interferences could be from air entrainment (e.g. O, N, C) or matrix related (e.g. mineral). 
Sample heterogeneity due to vacuum impregnation in resin may also be a contributing factor.  
3.4.2 Alfa Aesar 40604 Foil 
Magnesium isotope ratios in excess of the DSM-3 values were consistently observed, with 
measurements being on average .0039 higher for 26Mg/24Mg and 0.0145 higher for 25Mg/24Mg, 
with standard deviation of 0.002 on average for 26Mg/24Mg and 0.0155 for 25Mg/24Mg.  The 
analytical uncertainty in 25Mg/24Mg was significantly higher than that obtained from the other 
elemental Mg SRM (NIST SRM 980) and is likely the result of the poor ablation characteristics 
of the material.  Coupled with possible sample heterogeneity made further testing of Alfa Aesar 
406404 foil unwarranted. 
3.4.3 NIST SRM 980 
A lack of analytical precision was noted from initial tests, which was well below the 
acceptable threshold for Mg isotope ratio determination and the scale at which Mg isotopic 
fractionation has been observed in natural systems (6‰) (Teng 2017). Thus, attempts were made 
to enhance analytical precision by way of improved counting statistics using the protocol of Crowe 
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et al. (2008).  By applying this technique, the results show an increase in precision (Fig. 35), 
although the increase in precision was significantly higher for JDo-1 as opposed to NIST SRM 
980 or the natural dolomites.  Attempts to further increase the precision by summing different 
analyses or rejecting ±3 sigma outliers resulted in negligible improvements.  The data processing 
scheme did, however, result in a large decrease in the standard deviation for all samples on the 
range of 4% to 15% on average, and 80% to 90% for NIST SRM 980 and some of the natural 
dolomite samples (1-28M, 1-31M, and 32-1M) (Table 14).  
Magnesium isotope ratios in excess of the CRV and relative to DSM-3 were consistently 
observed (Table 13), with measurements being on average 0.035 higher for 26Mg/24Mg and 0.15 
higher for 25Mg/24Mg, with a standard deviation of 0.00195 on average for 26Mg/24Mg and 
0.00096 on average for 25Mg/24Mg and standard errors of 0.0006 and 0.0003, respectively. The 
value calculated using the summation of each time slice for each measurement as per the method 
described of Crowe et al. (2008) led to only a 0.0002 increase in precision relative to the 
published value (Fig. 35).  Measurements of Mg isotopes for NIST SRM 980 deviated by 
approximately 277‰ for 26Mg/24Mg and 119‰ for 25Mg/24Mg from the published values for 
DSM-3 (Fig. 36).  This is thought to mostly likely be the result of spectral interferences on one 
or more of masses (24, 25 or 26).   
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Figure 35: Scatterplot of NIST SRM 980 isotope ratios calculated by method from Crowe et al. (2008) compared to 
values derived from ICPS. 
 
Figure 36: Scatterplot depicting Mg isotope ratios of NIST SRM 980 relative to DSM-3, calculated using the method 
from Crowe et al. (2008) compared to background subtraction only. 
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Analysis SUM CPS 26Mg/24Mg SUM CPS 25Mg/ 4Mg SUM CPS 26Mg/25Mg δ 26MgDSM-3 δ25MgDSM-3 
DSM 3 0.13969 0.12691 1.10067 0.00000 0.00000 
NIST SRM 980 (1) 0.17875 0.14136 1.26450 279.58360 113.80273 
NIST SRM 980 (2) 0.17977 0.14258 1.26084 286.91408 123.43064 
NIST SRM 980 (3) 0.18037 0.14211 1.26929 291.24417 119.70720 
NIST SRM 980 (4) 0.17793 0.14271 1.24683 273.74025 124.42987 
NIST SRM 980 (5) 0.17941 0.14195 1.26392 284.32756 118.44182 
NIST SRM 980 (6) 0.17921 0.14270 1.25584 282.93610 124.42110 
NIST SRM 980 (7) 0.17511 0.14230 1.23057 253.56061 121.23022 
NIST SRM 980 (8) 0.17446 0.13956 1.25004 248.88754 99.65147 
NIST SRM 980 (9) 0.18028 0.14281 1.26244 290.59087 125.21698 
NIST SRM 980 (10) 0.17908 0.14290 1.25317 281.95522 125.95333 
STD DEV 0.00195 0.00096 0.01072 13.98213 7.54132 
STD ERROR 0.00062 0.00030 0.00339 4.42154 2.38477 
MEAN 0.17844 0.14210 1.25574 277.37400 119.62854 
CRV 0.13932 0.12663 1.10021 -2.65301 -2.23852 
NIST SUM 0.17825 0.14208 1.25458 276.06127 119.51202 
Table 13: Sum CPS ratios and their respective values relative to DSM-3 for NIST SRM 980 by ns-LA-ICP-QMS. 
3.4.4 Natural Dolomite Samples 
The results of the Mg isotope ratio measurements for the natural dolomite samples are 
presented in Figure 37 and Table 14 and the data are presented in Appendix D.  Error envelopes 
derived from the standard deviation calculations for NIST SRM 980 were plotted to demonstrate 
the within-run precision (Fig. 37).  The Mg isotope ratios are reported as absolute ratios and 
relative to DSM-3 (Table 14).  The Mg isotope ratios of natural samples compared to those of the 
SRM showed the strong effect ablation quality and sample homogeneity have on Mg isotope ratio 
precision and accuracy, with the natural samples being more precise and accurate by several 
factors, especially in the case of the matrix matched JDo-1 standard, which had 9 and 12.5 times 
higher standard deviation measurements than the mean of all natural samples from multiple 
geologic formations on 26Mg and 25Mg, respectively. This is likely and indication of sample 
heterogeneity in samples prepared using the vacuum impregnated epoxy process. 
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Figure 37: All samples and standards analyzed that were processed by the sum ICPS method of Crowe et al., 
(2008).  Error bars for NIST SRM 980 are provided as well as CRV value. All points located far outside bounds of 
NIST error envelops are JDo-1.  
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Sample ID 26Mg/24Mg 25Mg/24Mg 26Mg/25Mg  δ26MgDSM-3  
STD dev 
δ26MgDSM-3  
δ25MgDSM-3  
STD dev 
δ25MgDSM-3  
DSM-3 0.13969 0.12691 1.10067     
NIST 610 0.15132 0.11893 1.07701 237.09929 24.34741 90.94643 12.60877 
NIST SRM 980 0.15118 0.12033 1.06364 236.11674 13.98213 101.98769 7.54132 
ALFA Aesar 40604 0.17877 0.14127 1.26565 279.74533 13.93360 113.07855 17.10586 
JDo-1 
Mean 0.17837 0.14160 1.26090 276.89104 
56.16515 
115.74220 
60.32921 
Min 0.16683 0.13141 1.18285 194.26511 35.39819 
Max 0.18905 0.15402 1.33465 353.37486 213.57943 
Range 0.02223 0.02261 0.15180 159.109748 178.181241 
1-28M 
1-28M (1) 0.17839 0.14217 1.25474 277.01152 1.56835 120.20616 1.74907 
1-28M (2) 0.17941 0.14214 1.26223 284.35133 4.10533 120.00206 5.86442 
1-28M (3) 0.17894 0.14278 1.25334 280.98501 7.93919 125.00287 7.42582 
1-28M (4) 0.17886 0.14238 1.25625 280.43479 9.67853 121.86021 5.50780 
1-31M 
1-31M (1) 0.17816 0.14191 1.25544 275.39483 4.99551 118.16098 3.32814 
1-31M (2) 0.18034 0.14250 1.26563 291.00557 14.89095 122.82364 9.69785 
1-31M (3) 0.18787 0.14263 1.31645 344.88911 98.96130 123.83336 9.53383 
1-31M (4) 0.17831 0.15319 1.17662 276.43270 11.59579 207.04268 124.52289 
1-31M (5) 0.18000 0.14224 1.26543 288.55664  120.78328  
8-9M 
8-9 (1) 0.17919 0.14178 1.26384 282.73957 2.32733 117.13677 1.99845 
8-9 (2) 0.17915 0.14201 1.26155 282.46624 3.52445 118.91858 0.95456 
8-9 (3) 0.17903 0.14231 1.25798 281.60167 5.73728 121.33684 1.82504 
8-9 (4) 0.17812 0.14165 1.25749 275.12812  116.10972  
8-13M 
8-13 (1) 0.17839 0.14162 1.25963 277.02197 6.29966 115.87586 2.94896 
8-13 (2) 0.17830 0.14146 1.26045 276.42668 9.52969 114.62948 7.41042 
32-1M 
32-1 (1) 0.17493 0.13929 1.25587 252.29061 8.87610 97.52326 1.83752 
32-1 (2) 0.17383 0.13993 1.24221 244.37551 3.92197 102.58748 1.36928 
32-1 (3) 0.17387 0.13950 1.24642 244.70873 5.89500 99.15872 5.16939 
32-1 (4) 0.17386 0.13956 1.24585 244.60174 7.08955 99.60431 7.24990 
32-1 (5) 0.17510 0.14016 1.24928 253.48446 1.86512 104.40136 6.08160 
32-10M 
32-10 (1) 0.17472 0.13954 1.25212 250.75222 7.00932 99.47180 2.93145 
32-10 (2) 0.17509 0.13969 1.25349 253.44353 2.56967 100.63872 2.53377 
32-10 (3) 0.17462 0.13948 1.25190 250.04840 6.28349 99.03431 3.06084 
32-10 (4) 0.17265 0.14375 1.20827 235.95545 78.63143 132.66776 110.59133 
32-10 (5) 0.17615 0.13955 1.26257 260.97803 17.54897 99.59260 13.11941 
D-5 
D-5 (1) 0.17394 0.13988 1.24350 245.15243 5.48573 102.13508 5.81867 
D-5 (2) 0.17515 0.13988 1.25218 253.82789 4.72911 102.13368 6.31007 
D-5 (3) 0.17466 0.14046 1.24355 250.32052 5.28709 106.70207 9.34486 
Mean Natural  0.17687 0.14138 1.25189 262.81446 6.19189 109.11853 4.81697 
Min Natural  0.17265 0.13929 1.17662 235.95545 1.56835 97.52326 0.95456 
Max Natural  0.18787 0.15319 1.31645 344.88911 98.96130 207.04268 124.52289 
Range Natural  0.01522 0.01390 0.13983 108.93366 97.39295 109.51942 123.56833 
Table 14: Table of natural samples and SRM Mg isotope ratios as well as their values relative to the delta zero 
material DSM-3. Values are the mean of each target zone across 3, 60-second ablation runs. All measurements 
derived from summed ±2σ ICPS (Crowe et al., 2008).  
 
 
Figure  SEQ Figure \* ARABIC 21: Ternary diagram depicting the % difference in standard deviation for each sample 
(averaged) between unprocessed raw cps ratios and those processed by the method described by Crowe et al 2008. 
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CHAPTER 4: DISCUSSION 
The objectives of this research were to: 1) develop a method for conducting high precision 
Mg isotope analysis of carbonate minerals using LA-ICP-QMS on matrix-matched, natural 
dolomite samples and mono-elemental SRMs, 2) identify and attempt to quantify and correct 
possible sources of interferences using data processing, and 3) apply this method to the analysis 
of dolomite samples from hydrocarbon reservoirs.  The results of this study, in the context of the 
objectives specified above, are discussed in the following sections.   
4.1. JDo-1 Viability as a Standard Reference Material 
 The goal of selecting JDo-1 as a reference material was the hope that it could lead to a 
suitably precise dolomite matrix-matched standard for Mg isotope ratios by both SN and LA. This, 
however, required resolution of a number of issues and deficiencies observed with the material. 
4.1.1. Single versus Triple Acid Digestion 
SEM imaging and EDS analysis demonstrated that the single acid digestion procedure 
using nitric acid (HNO3) results in a black residue being left at the bottom of the digestion vial, 
which was determined to be undigested silicate minerals.  These include quartz (SiO2), which 
matched (approximately) the elements detected and their relative abundances. However, 
aluminosilicates (e.g., clay minerals) may also be present, as evidenced by the 1:3 Si:O ratio and 
presence of Al in some analyses (Fig. 38). It is possible, however, that the presence of Al is the 
result of interference from the underlying filtration medium, which also contains Al, or 
misidentification of peaks due to automated software analysis. Detection of quartz in JDo-1 is 
consistent with CRV data provided with the JDo-1 standard (Imai et al., 1996), indicating SiO2 
accounts for 0.2003% of the total mass.  
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Figure 38: Chart and accompanying table of EDS analysis results of undigested black residue indicating silicates, 
possibly metasilicates or aluminosilicates due to Si:O ratio and presence of Al. 
 
It was determined that by weighing and tracking the loss in mass due to undigested 
materials by filtration that the concentration data could be quantitatively corrected based on the 
mass difference.  Regardless, because the focus of this study was determination of Mg isotope 
ratios rather than element concentrations, any effect of mass loss on analytical uncertainty is 
considered to be minor.   
4.1.2. Trace Elements  
The trace element chemistry of JDo-1, which was determined by SN-ICP-QMS on a dilute 
nitric acid (HNO3) solution under wet plasma conditions, produced values that are generally 
consistent with the published values.  Elevated concentrations relative to those provided by Imai 
et al. (1996) were obtained for 66Zn, 206Pb, 207Pb, and 208Pb, which could result from a number of 
factors including: weighing error, dilution error, calculation error, sample contamination, sample 
heterogeneity, or isobaric or molecular ion interferences. These deviations were observed across 
all samples of JDo-1 analysed during this study. 
With respect to the anomalously high Pb concentrations, this can be attributed to several 
factors, however, because all of the isotopes of Pb are uniformly enriched, the most likely 
Element Wt % Atomic % 
C K 13.25 19.59 
O K 53.49 59.35 
AlK 1.56 1.03 
SiK 31.69 20.03 
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explanation is contamination by Pb or sample heterogeneity.  Both causes are plausible 
explanations for the anomalously high Pb concentrations because Pb is a common contaminant is 
some acids and JDo-1 was shown to be compositionally heterogeneous in solution as well as by 
laser ablation.   The lack of Pb in procedural blanks, however, coupled with a spike in Pb values 
tied to a drop in 66Zn and Mg signal intensities on sample 4-JDo-1 indicates that the most likely 
cause of the elevated Pb concentrations is sample heterogeneity.  This has significant implications 
for use of JDo-1 as an SRM.   
In ICP-QMS, matrix effects can cause isobaric and molecular ion interferences that can 
have detrimental effects on the precision and accuracy of elemental and isotopic measurements 
(Gulson et al., 2018).  For example, analysis of 66Zn yielded significantly higher concentrations 
over the published value and this was observed across all replicate samples.  This same behaviour 
was also observed for both mono-elemental and matrix-matched (natural dolomite) samples. 66Zn 
showed an average measured concentration of 800 ppm as compared to the published value of 35.4 
ppm, which represents a concentration approximately 22 times higher than expected. In an Mg-
dominated sample matrix, this type of enhancement of signal intensity is likely the result of MgAr+ 
on 66Zn (Mason et al., 2004), which is proportional to the Mg content of sample.  A potential 
interference  of MgAr+ on 64Zn is also possible, however, investigation of this potential 
interference would require analysis of a greater number of Zn isotopes, which may potentially 
allow for calculation of Zn concentrations from an isotope less susceptible to this molecular ion 
interference or development of a correction factor based on the expected signal intensities versus 
natural abundances.   
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4.1.3. Mg Isotope Ratios 
 Figure 39 below shows that the Mg isotope ratios obtained using SN-ICP-QMS analysis of 
JDo-1 calculated using ICPS data had higher precision than that obtained using LA-ICP-MS.  This 
is to be expected because not only does SN-ICP-QMS not suffer from heat-induced fractionation 
effects like LA, it also minimizes the imprecision of hitting a variety of grains due to the small 
grain size coupled with line ablation. This variety of grain sizes and potential compositions causes 
more variation in CPS values per time slice compared to those returned by bulk digestion. 
Although solution nebulization suffers from its own potential matrix effects, the imprecision 
produced by laser ablation microsampling is significant.  This difference in precision is likely a 
result of the poor homogeneity of the target analyte within the vacuum impregnated epoxy resin 
matrix puck. This could be tested by careful spot or line ablation kept within the boundaries of an 
individual grain, however, this was not tested during this study due to large variance and small 
size of grains <100 µm, with most grains being between 10 µm and 30 µm, which makes targeted 
ablation while collecting sufficient analyte difficult with a 20 µm raster width. This issue could 
potentially be alleviated by preparing a sample devoid of binding agent, such as by forming a 
pressed epoxy free pellet with a high-pressure press. 
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Figure 39: Mg isotope ratios of JDo-1 with the DSM-3 delta zero material and GeoRem public data for JDol-1 for 
reference (GeoRem data shows 8 points of high precision overlapping, appearing as one point at the axis scales 
needed to plot data).   
 
As depicted in Figure 39, however, although the precision attained by SN-ICP-QMS is 
better than that obtains using LA-ICP-QMS, the overall precision of the measurements remain 
inadequate for conducting high-precision Mg isotope ratio determination in situ, which in natural 
systems varies over a range of 6‰ for δ26MgDSM-3 (Teng 2018).  Thus, an uncertainty of better than 
0.1‰ is desirable for tracking fractionation of Mg isotopes in natural systems. The Mg isotope 
ratios are also considerably higher than the published values.  This is thought to be the result of 
interferences due to plasma gases, air entrainment in the plasma, and/or water related matrix effects 
causing supression in 24Mg signal intensity, enhancement of both 26Mg and 25Mg, or a combination 
of all three. Although 26Mg/24Mg is more often measured than 25Mg/24Mg due to its higher mass 
difference and abundance, and is thus expected to be a more accurate measurement, values 
obtained in this study show that values for δ26MgDSM-3 are approximately twice that of δ25MgDSM-
3, showing greater deviation from the expected 26Mg/24Mg ratio compared to 25Mg/24Mg; 
JDo-1 LA-QMS (SUM CPS +-2sigma)
Measured SN-QMS
DSM-3
JDo-1 Published MC-ICP-MS 
JDo-1 SN-QMS (RAW CPS)
NIST SRM 980 (CRV)
0.12
0.125
0.13
0.135
0.14
0.145
0.15
0.155
0.135 0.145 0.155 0.165 0.175 0.185
2
5
M
g
/2
4
M
g
26Mg/24Mg
Standard Reference Material Mg Isotope Ratios 
 71 
 
suggesting a greater effect from interference(s) on 26Mg than 25Mg.  MC-ICP-MS remains the 
preferred method for Mg isotope determination, as illustrated by comparing the values of published 
data provided on GeoRem with those obtained using ICP-QMS (Fig. 39). Figure 39 shows Mg 
isotope ratios measured by MC-ICP-MS from published values plotting as a single point at the 
scale necessary to plot the range of ICP-QMS results. 
4.2. Alfa Aesar 40604 Mg Foil as a Standard Reference Material 
 The Alfa Aesar foil was investigated as a possible alternative to the more costly NIST SRM 
980 due to its availability, as well as the fact the NIST standard has been shown to be 
compositionally heterogeneous. Homogeneity of Alfa Aesar 40604 foil was unknown and thus 
needed to be investigated in order to be considered potentially viable as an SRM. 
4.2.1. Elemental Chemistry 
  As Alfa Aesar 40604 was only provided with a short list of major, minor and trace 
elements, it was difficult to compare to the other samples.  The same interferences were observed, 
however, which further supports the interpretation that these interferences affect both matrix 
matched dolomite standards and mono-elemental Mg standards. 
Nickel values were less than the reported value except in analysis 12-AA, which contained 
approximately 19 times more than the reported value, which is likely a result of sample 
heterogeneity because Ni was measured in conjunction with lower Mg, Zn, and Pb concentrations. 
Zinc showed significant enrichment over the reported value, similar to JDo-1 and NIST 
SRM 980.  Values were from as low as 19 times to up to 60 times the reported value, which is 
indicative of a significant interference on 26Mg , likely in the form of magnesium argide (MgAr+) 
due to the Ar carrier gas (Mason et al., 2004). 
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Elevated signal intensities of all Pb masses were observed, again lowering the likelihood 
that the source is due to polyatomic or isobaric interferences. Although contamination is the most 
likely source, its origin is unknown due to procedural blanks suffering from similar issues but to a 
much lower degree.  
4.2.2. Mg Isotope Ratios 
The consistently lower reported wt% value of 26Mg compared to 25Mg (Appendix D) 
deviates from the expected result due to 26Mg possessing a higher natural abundance (11.01%) 
than 25Mg (10.00).  This means it should yield a higher wt% based on uncorrected ICPS data.  This 
is further evidence of matrix effects suppressing 26Mg or polyatomic interferences enhancing 25Mg.  
The precision attained is orders of magnitude lower than required for Mg isotope analysis. 
Values obtained in this study show that the δ26MgDSM-3 are twice those of the δ25MgDSM-3, which 
is possibly caused by signal enhancement on 26Mg due to polyatomic interferences. The deviation 
from the DSM-3 value is larger than that of JDo-1 by about 25‰ on average, however, its precision 
is almost twice, with a mean STD dev of 4.5‰ compared to 11.75‰ for JDo-1 (Table 15).  This 
is additional evidence of poor ablation consistency in resin bound matrixes.   
AA FOIL  26Mg/24Mg 25Mg/24Mg 26Mg/25Mg δ26MgDSM-3 δ25MgDSM-3 
DSM-3 0.13969 0.12691 1.10067   
12-AA FOIL 0.15950 0.13727 1.16190 141.77479 81.60225 
13-AA FOIL 0.16051 0.13903 1.15451 149.05400 95.47002 
18-AA FOIL 0.16099 0.13779 1.16844 152.50437 85.65646 
avg 0.16033 0.13803 1.16162 147.77772 87.57625 
std dev 0.00062 0.00074 0.00569 4.47233 5.82197 
std error 0.00036 0.00043 0.00329 2.58210 3.36131 
Table 15: Mg Isotope ratios for Alfa Aesar 40604 foil obtained by SN-ICP-QMS. 
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4.3. NIST SRM 980 as a Standard Reference Material for LA-ICP-QMS 
NIST SRM 980 was chosen because of its published Mg isotope data and availability, 
whereas DSM-3 has low availability due to dwindling stock. NIST SRM 980 was used as a 
reference against the DSM-3 value as well as to attempt to overcome the deficiencies in 
homogeneity (Galy 2003) by improved counting statistics through the methods of data reduction 
discussed previously (Crowe et al., 2008). The cost per unit, and the amount of material provided 
with NIST SRM 980 is extremely small, therefore, only 4 replicate analysis could be performed 
by SN-ICP-QMS. 
4.3.1. Elemental Chemistry 
Much like the previous results for the other standards, there was a measurable increase in 
Pb concentrations relative to published values. This was likely caused by sample contamination 
due to the similar measurements obtained across all three mass numbers, which would be unlikely 
in the case of interferences. 
 As with previous analysis of the other standards, an interference on 66Zn was observed, (~ 
0.1 to 0.35 wt%), which is unlikely in a mono-elemental standard. This is indicative of a large 
interference on 26Mg in the form of a polyatomic interference caused by the formation of 
magnesium argide (MgAr+) due to mixing of the Ar carrier gas with 26Mg (Mason et al., 2004). 
4.3.2. Mg Isotope Ratios 
Figure 40 shows that the precision obtained using LA-ICP-QMS is still orders of magnitude 
from that required for precise Mg isotope measurement (ideally better than 0.1‰ uncertainty) 
(Teng 2018). SN-ICP-QMS itself is insufficient for precise determination of Mg isotopic ratios; 
demonstrating inadequacy not just in the sample introduction technique, but the mass analyzer as 
well.  Compared to MC-ICP-MS, ICP-QMS lacks sufficient precision to reliably resolve the small 
variation in Mg isotope ratios that occur in nature. Values obtained in this study show that 
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δ26MgDSM-3 is approximately twice that of δ25MgDSM-3, which is indicative of a more significant 
interference on 26Mg. 
 
Figure 40: Mg isotope ratios of NIST SRM 980 by SN-ICP-QMS and LA-ICP-QMS calculated from ICPS data 
processed in method described by Crowe et al. (2008). 
4.4. Comparison of Mg Isotope Ratios of Standard Reference Materials and Measurements 
The precision needed for magnesium isotope determination was not attained using ICP-
QMS, whether by solution nebulization or by laser ablation, even with the application of enhanced 
data reduction strategies (Crowe et al., 2008) (Fig. 41). This imprecision, coupled with inaccuracy 
(as sample measurements deviated significantly from the published values), imply that the scale at 
which Mg isotopes fractionate, and the variation in isotope ratio measurements that it yields (6‰) 
(Teng 2018) is too small for ICP-QMS to reliably resolve.  
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Figure 41::Chart showing the Mg isotope ratios of standard reference materials  analyzed by both SN-Q-MS and 
NS-LA-Q-MS with the DSM-3 delta zero material, NIST SRM 980 CRV and GeoRem public data for JDol-1 for 
reference, (GeoRem data shows 8 points of high precision overlapping, appearing as one point at the axis scales 
shown above). 
 
 SRMs showed within-run precision and accuracy relative to the CRVs and expected ranges 
significantly lower for laser ablation compared to solution nebulization. This is more pronounced 
in the matrix matched dolomite sample JDo-1 due to its large heterogeneity when vacuum 
impregnated with epoxy resin and analyzed in situ due to pronounced analyte/matrix 
heterogeneity.  
Poor and inconsistent ablation is likely a result of the combination of poor laser coupling 
due to high reflectivity of a polished surface and sample heterogeneity at the scales that LA 
operates (Galy et al., 2008).  This contributed to a high degree of imprecision in measurements on 
the Alfa Aesar 40604 and NIST SRM 980 metal standards (Fig. 41). Although impossible to 
quantify based on the analyses conducted during this study, another contributing factor to the 
observed imprecision may be interaction between the high energy laser pulse with a highly reactive 
and volatile substance, such as Mg metal, causing Mg isotope fractionation.  
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Consistent with other research in this field (e.g., Teng 2018), determination of Mg isotopes 
requires the enhanced precision attainable using multicollector-equipped mass spectrometers. 
Figure 41 demonstrates this because the 8 published SN-MC-ICP-MS measurements of JDo-1 
overlap at the scale of the symbols used in the figure, while also being significantly closer in 
accuracy to that of the published isotope ratios.  
4.5. Efficacy of Summation of ±2σ ICPS Data Processing Protocol  
Figure 42 shows significant improvements to within-run precision when data were 
processed by the method of Crowe et al. (2018). An improvement in precision of 27.6% and 48% 
for δ25MgDSM-3 and δ26MgDSM-3, respectively, was obtained for JDo-1 samples analysed by LA-
ICP-MS over the mean background subtracted ICPS. NIST SRM 980 showed an improvement in 
precision of 72.3% and 13.9% for δ25MgDSM-3 and δ26MgDSM-3, respectively, over those derived 
from the mean background subtracted ICPS. 
 
Figure 42:  Chart depicting the difference in within run precision attained by processing data in the method 
described by Crowe et al (2008). 
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 This method of data processing has its merit in improving precision, however, it was still 
insufficient to produce the required better than 0.1‰ reproducibility for high precision Mg isotope 
determination. Unresolved interferences will need to be identified and quantitatively corrected for 
in order to improve accuracy and precision.  Furthermore, quantification of the degree of 
fractionation occurring due to the laser ablation process is also required. 
4.6. Analysis of Natural Dolomite Samples and Comparison to SRMs.   
Analysis of Mg isotopes in natural dolomite samples (Fig. 37) shows significantly higher 
precision than that obtained for the matrix matched JDo-1 SRM, with consistently lower standard 
deviations between analyses (Table 14).  This occurs even when the standard deviation is 
calculated across all target areas within a sample and indicates the poor viability of JDo-1 as a 
matrix-matched dolomite standard. This is indicative, in part, to deficiencies in the vacuum 
impregnation process for sample preparation to maintain homogeneity of analyte, with the 
additional matrix in the form of the two-part epoxy potentially affecting the resulting 
measurements. This issue could potentially be remedied by laser targeting within grain boundaries; 
however, this could be difficult due to the small grain size of the JDo-1 standard.  
 The natural dolomites had values consistent with previous analysis of the NIST SRM 980 
reference standard using LA-ICP-QMS. This further supports complications with the epoxy 
impregnation technique on JDo-1 potentially contributing to analytical uncertainty. 
 Another unexpected outcome was the large difference in precision, which was 
approximately double that for the natural samples compared to the metal standards, with standard 
deviation being approximately half those of the metal SRMs (Table 14). This is evidence of the 
difference in ablation performance and laser coupling between a dolomitic sample and a highly 
reflective, synthetic metal surface.  
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 Standard deviation values were slightly above 6‰ for the natural samples across replicate 
analysis with some zones reaching as low as 1.5‰ (Table 14). However, as Mg isotope 
fractionation across all natural samples occurs on a scale of 6‰ and isotope ratio determination 
requires precision of better than 0.1‰ (Teng 2018), it is apparent even these more precise natural 
samples are unsuitable to be reliably analysed by ICP-QMS using either LA or SN. 
 
Figure 43: Mg isotope ratio standard deviations between measurements averaged across entire sample (all zones averaged) by the 
method of Crowe et al. (2008).  
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CHAPTER 5: CONCLUSIONS 
This study evaluated the potential for using conventional ns-LA-ICP-QMS analysis in 
conjunction with data reduction strategies based on ICPS summation for the in situ microanalysis 
of the Mg isotopic ratios of dolomitized rocks. Validation of the method was attempted by 
comparing three SRMs that were analyzed using SN- and LA-ICP-QMS. Application of LA-ICP-
QMS was then applied to samples obtained from the Deep Geologic Repository (DGR) site at 
Bruce (Tiverton, Ontario) and Western Canada (Alberta and British Columbia). Based on the 
results of this study, the following conclusions are made: 
• Triple acid (HF/HCl/HNO3) digestion allowed for complete digestion of all sample 
mass, returning more accurate trace element concentrations measurements, particularly 
for SRMs containing recalcitrant phases, such as JDo-1. Additional reagents, however, 
increase complexity and risk of contamination, as well as potentially contributing to 
the addition of interfering species (e.g., F an Cl).  Single acid (HNO3) digestion with 
residues being addressed through mass balance calculations were adequate for the SN-
ICP-QMS analyses conducted during this study. 
• SN-ICP-QMS had higher precision over LA-ICP-QMS.  This is likely due to ablation 
characteristics varying between samples and within heterogeneous samples. 
• Trace element analysis by SN-ICP-MS and LA-ICP-MS of all standards, both matrix-
matched (JDo-1) and mono-elemental Mg (Alfa Aesar 40604 foil and NIST SRM 980), 
as well as all dolomite natural samples, suffered from the same interferences caused by 
the formation of magnesium argide (MgAr+) due to mixing of Mg from the samples 
with Ar from the plasma. This interference caused significant enrichments in 66Zn 
concentrations relative to published values, which were proportional to Mg content of 
the samples. 
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• Due to limitations in the precision of ICP-QMS analysis and the lack of an element that 
could be used as an internal standard in analysis of mono-elemental SRMs, isotope 
ratios could only be derived from ICPS measurements. The quadrupole type mass 
analyser coupled with the method described by Crowe et al. (2008) showed significant 
improvements in precision, however, these proved insufficient to obtain the requisite 
δ26MgDSM-3 0.1‰ reproducibility for precise Mg isotope determination.  
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APPENDICES  
Appendix A: Standard Reference Material Certified Values 
 
Appendix 1: JDo-1 Certified Reference Values, Si02 to T-Fe2O3 reported in wt% and rest of elements in ppm. 
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Appendix 2: Alfa Aesar 40604 Certificate of analysis. 
 
Appendix 3: NIST SRM 980 Certificate of Analysis 
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Appendix B: Solution Nebulization Digestion Mases and Dilution Factor 
Sample	 1-BLANK	 2-BLANK 3-JDo-1 4-JD0-1 5-JDo-1 6-BLANK 7-BLANK 8-NIST	SRM	980 9-NIST	SRM	980
Weight	of	Container	(g) 30.142 29.674 30.090 31.474 30.049 31.217 31.160 30.166 31.121
Weight	of	Sample	(g) 0.000 0.000 0.203 0.203 0.202 0.000 0.000 0.050 0.050
Weight	of	Container	+	Sample	(scale	value)	(g) 30.140 29.674 30.292 31.677 30.251 31.217 31.160 30.213 31.170
Weight	of	Container	+	Sample	(calculated	value	from	F+G) 30.142 29.674 30.293 31.677 30.251 31.217 31.160 30.216 31.171
Scale	Variance	(%) 0.004 -0.001 0.002 0.000 0.000 -0.001 0.000 0.010 0.003
Matrix	Weight	(5%	HNO3)	(g)	(Scale) 5.185 5.186 5.340 5.183 5.150 5.170 5.183 5.179 5.200
Weight	of	Container	+	Sample	+	Matrix 35.325 34.860 35.430 35.838 35.384 36.386 35.343 35.391 36.370
Matrix	weight	(calculated) 5.129 5.128 5.129 5.128 5.128 5.128 5.128 5.131 5.129
Weight	of	Container	+	Sample+	Matrix	(calculated) 35.270 34.802 35.421 36.805 35.379 36.345 36.288 35.344 36.299
bottle	weight 16.552 16.582 16.644 16.369 16.566 16.591 16.545 16.536 16.590
Sample+Matrix	Weight 99.999 100.038 99.988 100.569 100.095 100.050 100.137 99.958 100.031
Bottle+Sample+Matrix	weight	(scale)	 116.548 116.620 116.624 117.123 116.590 116.640 116.680 116.493 116.618
Matrix	weight	(calculated)	 94.814 94.852 94.445 95.183 94.743 94.880 94.955 94.729 94.781
Filter	paper	weight	(before	drying) 0.208 0.208 0.212 0.211 0.208 0.211 0.209 0.205 0.209
Filter	paper	weight	(after	drying) 0.201 0.209 0.218 0.213 0.210 0.212 0.207 0.206 0.217
Non	digested	Sample	mass -0.006 0.001 0.006 0.002 0.003 0.001 -0.002 0.001 0.009
Initital	Mass	of	sample	solution	(0.1) 0.102 0.096 0.098 0.097 0.097 0.108 0.098 0.097 0.099
Total	final	diluton	mass	(10)	(100x) 10.176 10.028 10.026 10.043 10.013 11.032 9.997 10.019 10.025
secondary	dilution	factor 99.573 104.027 102.094 103.217 103.223 102.238 102.012 102.969 100.959
First	dilution	factor	-filter	paper	loss 99.992 100.039 492.792 495.171 495.032 100.051 100.135 1995.162 2000.624
total	dilution	factor 9956.552 10406.796 50310.953 51109.978 51098.494 10229.043 10215.037 205440.137 201980.420  
 
Sample	 10-BLANK 11-BLANK 12-AA	FOIL 13-AA	FOIL 14-BLANK 15-BLANK 16-JDo-1 17-NIST	SRM	989 18-AA	FOIL 19-BLANK
Weight	of	Container	(g) 31.143 30.264 31.417 30.244 31.312 29.774 31.106 31.178 31.445 30.429
Weight	of	Sample	(g) 0.000 0.000 0.051 0.051 0.000 0.000 0.205 0.050 0.050 0.000
Weight	of	Container	+	Sample	(scale	value)	(g) 31.142 30.264 31.467 30.293 31.313 29.775 31.312 31.229 31.494 30.429
Weight	of	Container	+	Sample	(calculated	value	from	F+G) 31.143 30.264 31.468 30.295 31.312 29.774 31.311 31.228 31.495 30.429
Scale	Variance	(%) 0.005 -0.001 0.003 0.005 -0.001 -0.002 -0.001 -0.001 0.002 0.001
Matrix	Weight	(5%	HNO3)	(g)	(Scale) 5.163 5.201 5.182 5.180 5.193 5.202 5.160 5.185 5.170 5.133
Weight	of	Container	+	Sample	+	Matrix 36.306 35.465 36.647 35.472 36.505 34.976 36.448 36.412 36.662 35.556
Matrix	weight	(calculated) 5.130 5.128 5.129 5.130 5.128 5.128 5.128 5.128 5.129 5.128
Weight	of	Container	+	Sample+	Matrix	(calculated) 36.271 35.392 36.596 35.423 36.440 34.902 36.439 36.357 36.623 35.557
bottle	weight 16.608 16.624 16.634 16.636 16.511 16.590 16.210 16.539 16.619 16.636
Sample+Matrix	Weight 100.040 99.985 100.028 99.996 100.041 99.996 100.046 100.055 100.076 100.009
Bottle+Sample+Matrix	weight	(scale)	 116.648 116.607 116.661 116.633 116.551 116.586 116.574 116.592 116.694 116.643
Matrix	weight	(calculated)	 94.877 94.784 94.796 94.766 94.848 94.794 94.681 94.820 94.857 94.876
Filter	paper	weight	(before	drying) 0.211 0.206 0.205 0.202 0.207 0.205 0.210 0.208 0.211 0.211
Filter	paper	weight	(after	drying) 0.213 0.207 0.216 0.207 0.207 0.209 0.212 0.214 0.217 0.213
Non	digested	Sample	mass 0.001 0.001 0.011 0.005 0.001 0.004 0.002 0.006 0.006 0.002
Initital	Mass	of	sample	solution	(0.1) 0.099 0.099 0.097 0.103 0.098 0.101 0.097 0.098 0.097 0.098
Total	final	diluton	mass	(10)	(100x) 10.204 10.093 10.041 9.993 10.006 10.009 10.284 9.984 9.969 10.044
secondary	dilution	factor 103.590 102.463 103.839 97.495 101.998 98.801 106.015 102.396 102.561 103.015
First	dilution	factor	-filter	paper	loss 100.041 99.986 1976.842 1976.211 100.041 100.000 487.551 1989.165 2009.562 100.011
total	dilution	factor 10363.232 10244.891 205272.646 192670.014 10203.988 9880.020 51687.963 203682.336 206102.110 10302.620  
Appendix 4: SN SRM Digestion Procedure Masses and Dilution Factors. 
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Appendix C: Solution Nebulization Data 
Sept 27th Jdo-1 SN-ICP-MS Trace element data 
Sample ID Jdo-1 Jdo-1 Jdo-1 Jdo-1 Jdo-1 CRV Jdo-1 DIFF % Difference 
Analysis 3-Jdo-1 4-Jdo-1 5-Jdo-1 16-Jdo-1 Jdo-1 (CRV) AVG-CRV  
24  Mg 104109.76 102978.06 105177.30 104715.83 114000 -9754.76 -8.56% 
25  Mg 105224.77 104395.95 105830.68 105108.06 114000 -8860.14 -7.77% 
26  Mg 103627.25 102821.94 104644.84 104539.61 114000 -10091.59 -8.85% 
59  Co 0.60 0.52 0.65 0.60 0.168 0.42 252.07% 
60  Ni 3.53 3.81 5.72  2.9 1.46 50.20% 
62  Ni 3.44 3.49 4.00  2.9 0.74 25.65% 
66  Zn 878.71 491.12 1031.83 801.24 35.4 765.32 2161.93% 
85  Rb 0.07 0.40 0.31 0.07 1.75 -1.53 -87.69% 
86  Sr 101.98 93.26 97.10 91.90 116 -19.94 -17.19% 
88  Sr 100.39 92.46 97.01 91.19 116 -20.74 -17.88% 
89  Y 7.93 7.77 7.95 7.64 10.3 -2.48 -24.06% 
111  Cd 0.81 0.49 0.94 0.89 0.644 0.14 21.27% 
137  Ba 73.83 73.83 73.83 73.83 6.14 67.69 1102.39% 
139  La 5.88 5.59 5.65 5.40 7.93 -2.30 -29.01% 
140  Ce 1.27 1.02 1.07 1.03 2.49 -1.39 -56.00% 
141  Pr 0.80 0.83 0.84 0.76 0.956 -0.15 -15.37% 
146  Nd 3.46 3.68 3.61 3.31 5.25 -1.73 -33.03% 
147  Sm 0.61 0.47 0.61 0.54 0.788 -0.23 -28.98% 
151  Eu 0.13 0.11 0.12 0.12 0.176 -0.06 -32.30% 
153  Eu 0.17 0.12 0.16 0.14 0.176 -0.03 -17.63% 
157  Gd 0.92 5.60 1.26 0.83 1.3 0.85 65.53% 
159  Tb 0.10 0.09 0.13 0.11 0.116 -0.01 -6.95% 
163  Dy 0.60 0.54 0.66 0.52 0.814 -0.23 -28.62% 
165  Ho 0.15 0.13 0.14 0.13 0.42 -0.28 -67.25% 
169  Tm 0.05 0.04 0.04 0.03 0.059 -0.02 -31.31% 
172  Yb 0.21 0.32 0.24 0.16 0.323 -0.09 -28.11% 
175  Lu 0.03 0.02 0.03 0.03 0.0494 -0.02 -43.06% 
206  Pb 44.94 130.38 38.30 17.43 0.95 56.81 5980.21% 
207  Pb 47.00 137.92 38.88 16.47 0.95 59.11 6222.62% 
208  Pb 45.89 134.00 38.81 16.68 0.95 57.90 6094.40% 
238  U 0.78 0.78 0.66 0.64 0.858 -0.14 -16.53% 
Appendix 5: SN-QMS Trace element data for JDo-1. 
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Appendix 6: SN-ICP-MS trace element data for all SRMs. 
 
 
Analysis
1-BLANK 
2-BLANK
3-JDo-1
4-JD0-1
5-JDo-1
6-BLANK
7-BLANK
8-NIST SRM
 980
9-NIST SRM
 980
10-BLANK
11-BLANK
12-AA FOIL
13-AA FOIL
14-BLANK
15-BLANK
16-JDo-1
17-NIST SRM
 989
18-AA FOIL
19-BLANK
JD
o-1 (C
R
V
)
A
A
 FO
IL (C
R
V
)
24  M
g   
11.94
16.58
104109.76
102978.06
105177.30
13.47
16.27
764865.24
777768.68
24.67
14.00
906143.99
937774.92
18.08
23.08
104715.83
758132.43
951657.36
37.64
114000
999000
25  M
g   
12.35
17.23
105224.77
104395.95
105830.68
13.57
16.67
793331.16
802092.80
25.73
13.87
929522.22
974303.64
18.92
23.69
105108.06
779362.54
979869.13
37.65
114000
999000
26  M
g   
11.86
16.81
103627.25
102821.94
104644.84
13.34
16.39
761418.44
779775.52
24.49
12.70
897323.98
934569.74
17.14
22.93
104539.61
741898.09
951251.91
38.01
114000
999000
59  Co   
0.60
0.52
0.65
0.00
0.91
0.168
0
60  Ni   
0.28
3.53
3.81
5.72
5.14
0.20
192.84
5.02
19.96
2.9
10
62  Ni   
0.23
0.20
3.44
3.49
4.00
5.32
0.44
190.71
6.99
0.16
17.70
1.88
4.84
2.9
10
63  Cu   
2.98
1.41
10
65  Cu   
2.80
1.41
10
66  Zn   
124.38
88.26
878.71
491.12
1031.83
69.36
127.89
1781.58
1043.62
292.07
77.57
1357.85
3598.91
89.93
172.51
801.24
3409.64
4890.85
192.38
35.4
70
75  As   
0.34
0.114
85  Rb   
0.00
0.01
0.07
0.40
0.31
0.00
0.20
0.36
0.02
0.02
6.18
0.03
0.01
0.07
0.22
0.09
0.09
1.75
86  Sr   
101.98
93.26
97.10
91.90
116
88  Sr   
100.39
92.46
97.01
91.19
116
89  Y   
7.93
7.77
7.95
0.26
1.41
7.64
0.57
10.3
111  Cd   
0.09
0.15
0.81
0.49
0.94
0.03
0.23
2.11
0.09
0.89
1.02
2.70
0.644
137  Ba   
73.83
24.75
20.24
48.06
85.69
6.14
139  La   
5.88
5.59
5.65
1.16
5.40
7.93
140  Ce   
1.27
1.02
1.07
0.56
1.03
2.49
141  Pr   
0.80
0.83
0.84
0.06
0.76
0.956
146  Nd   
3.46
3.68
3.61
0.61
3.31
5.25
147  Sm
   
0.61
0.47
0.61
0.54
0.788
151  Eu   
0.13
0.11
0.12
0.00
0.00
0.02
0.12
0.176
153  Eu   
0.00
0.17
0.12
0.16
0.00
0.00
0.14
0.176
157  Gd   
0.92
5.60
1.26
0.01
5.29
0.07
2.14
1.95
0.83
0.04
0.50
0.04
1.3
159  Tb   
0.10
0.09
0.13
0.00
0.01
0.11
0.116
163  Dy   
0.60
0.54
0.66
0.11
0.52
0.814
165  Ho   
0.15
0.13
0.14
0.00
0.13
0.42
166  Er   
0.42
0.43
0.37
0.05
0.42
169  Tm
   
0.05
0.04
0.04
0.03
0.059
172  Yb   
0.21
0.32
0.24
0.07
0.16
0.01
0.323
175  Lu   
0.03
0.02
0.03
0.03
0.0494
206  Pb   
3.13
1.49
44.94
130.38
38.30
1.15
2.64
38.57
14.34
6.12
1.49
30.46
72.91
1.71
3.83
17.43
65.54
78.27
1.16
0.95
207  Pb   
3.13
1.40
47.00
137.92
38.88
1.05
2.48
35.07
12.49
5.72
1.54
27.20
70.81
1.57
3.58
16.47
64.78
74.03
1.18
0.95
208  Pb   
3.20
1.47
45.89
134.00
38.81
1.11
2.55
35.30
14.60
5.85
1.46
28.36
72.38
1.61
3.64
16.68
64.32
75.84
1.22
0.95
209  Bi   
0.08
0.05
0.41
0.28
0.39
0.05
0.03
0.60
0.78
0.09
0.04
0.76
1.95
0.05
0.04
0.27
0.95
1.04
0.05
238  U   
0.01
0.02
0.78
0.78
0.66
0.02
0.01
0.15
0.16
0.01
0.01
0.19
0.18
0.01
0.01
0.64
0.10
0.14
0.01
0.858
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Sample ID Analysis 24Mg wt% 25Mg wt% 26Mg wt% 
JDo-1 
3-JDo-1 10.41 10.52 10.36 
4-JDo-1 10.30 10.44 10.28 
5-JDo-1 10.52 10.58 10.46 
16-JDo-1 10.47 10.51 10.45 
JDo-1 (CRV) 11.4 11.4 11.4 
MEAN 10.42 10.51 10.39 
STD DEVIATION  0.08752971  
NIST SRM 980 
8-NIST SRM 980 76.49 79.33 76.14 
9-NIST SRM 980 77.78 80.21 77.98 
17-NIST SRM 989 75.81 77.94 74.19 
NIST SRM 980 (CRV) 78.992 10.003 11.005 
MEAN 76.69 79.16 76.10 
STD DEVIATION  1.75031952  
Alfa Aesar 40604 
12-ALFA AESAR FOIL 90.61 92.95 89.73 
13-ALFA AESAR FOIL 93.78 97.43 93.46 
18-ALFA AESAR FOIL 95.17 97.99 95.13 
AA FOIL (CRV) 99.9 99.9 99.9 
MEAN 93.19 96.12 92.77 
STD DEVIATION  2.61190272  
Appendix 7: Table of SN-ICP-MS Mg wt% measurements. 
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Appendix 8: Mg Isotope ratios of SRMs by SN-ICP-QMS 
 
Appendix 9: Additional JDo-1 Mg isotope ratio measurements performed by SN-ICP-QMS. 
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Appendix D: Laser Ablation Data 
November 13th JDo-1 LA-ICP-MS Trace element data 
 JDo-1 
(1) 
JDo-1 
(2) 
JdDo-1 
(3) 
JDo-1 
(4) 
JDo-1 
(5) 
JDo-1 
(6) 
JDo-1 
(7) 
JDo-1 
(8) 
JDo-1 
(9) 
JDo-1 
(10) 
Li_ppm 0.776 0.76 0.742 0.734 0.94 0.694 0.78 0.849 0.695 0.732 
Be_ppm 0.034 0.029 0.046 0.033 0.04 0.037 0.037 0.042 0.038 0.033 
Na_ppm 191.4 181 187 187 193 131 143.6 151.3 146.7 158 
Al_ppm 87.9 82.3 79.4 89.4 77.3 75.9 100 95.1 89.7 83.2 
Si_ppm 1780 2060 1752 1680 1595 1440 2000 1210 1270 1590 
P_ppm 144 113 220 131 150 109 138 470 135 179 
S_ppm 122 215 218 198 185 142 138 100 128 128 
Cl_ppm 2640 2570 3390 3720 3990 3880 4960 7740 9350 15960 
K_ppm 54.2 57.8 63.1 61.5 63.3 44.1 54.8 44.9 36.4 50.8 
Ti_ppm 5.1 2.39 12.8 2.32 2.88 5.5 6.9 10.9 4.1 3.4 
V_ppm 2.94 2.79 3.27 3.18 2.73 3.3 3.37 2.92 3.67 2.82 
Cr_ppm 23.5 25.2 28.9 28.8 26.7 22.4 24.3 26.8 25.2 25.8 
Mn_ppm 60.6 53.4 62 64.2 58.4 62.9 59.6 61.7 62.3 55.7 
Ni_ppm 6.16 5 6.03 5.93 4.5 5.51 4.15 4.84 5.7 4.16 
Cu_ppm 1.74 1.56 1.91 1.82 1.52 1.74 1.76 1.34 2.36 1.57 
Zn_ppm 47.5 41 52 40.9 40.4 34.5 35.9 46.2 57.1 37.2 
Rb_ppm 0.127 0.107 0.121 0.128 0.118 0.093 0.133 0.173 0.109 0.24 
Sr_ppm 150.8 142.2 146.9 140 137.5 150.6 164 141.3 155.1 145.5 
Y_ppm 10.15 11.68 12.26 10.62 11.15 11.23 13.6 12.4 12.73 12.08 
Zr_ppm 0.397 0.59 0.78 1.2 0.53 0.413 0.6 5.4 0.422 0.45 
Mo_ppm 0.241 0.164 0.243 2.8 0.273 0.141 0.5 0.2 1.01 0.265 
Cs_ppm 0.0073 0.007 0.0079 0.0073 0.0071 0.006 0.009 0.0098 0.006 0.0085 
Ba_ppm 8.5 7.63 8.58 10.8 7.42 9.9 7.49 13.5 8.63 8.33 
Au_ppm 0.0026 0.0047 0.0053 0.0043 0.0043 0.0046 0.0062 0.0052 0.0043 0.0066 
Tl_ppm 0.016 0.011 0.0087 0.0074 0.005 0.0073 0.0083 0.0096 0.0058 0.0046 
Appendix 10: JDo-1 LA-ICP-MS trace element data 
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Analysis 
SUM CPS 
26Mg/24Mg 
SUM CPS 
25Mg/24Mg 
SUM CPS 
26Mg/25Mg 
δ26MgDSM-3  δ25MgDSM-3  
NIST 610 (1) 0.17917 0.13928 1.28643 282.64486 97.43366 
NIST 610 (2) 0.18019 0.14007 1.28643 289.95362 103.68921 
NIST 610 (3) 0.17949 0.14098 1.27318 284.90912 110.80684 
NIST 610 (4) 0.18099 0.14148 1.27925 295.62389 114.75976 
NIST 610 (5) 0.17914 0.14262 1.25609 282.41808 123.74016 
NIST 610 (6) 0.18481 0.14332 1.28951 322.97283 129.23203 
NIST 610 (1A) 0.17795 0.13968 1.24337 273.89015 100.57688 
NIST 610 (2A) 0.17588 0.13926 1.25983 259.09902 97.31345 
NIST 610 (3A) 0.17187 0.13823 1.27400 230.37123 89.16753 
NIST 610 (4A) 0.17476 0.13872 1.26295 251.06632 93.01467 
NIST SRM 980 (1) 0.17875 0.14136 1.26450 279.58360 113.80273 
NIST SRM 980 (2) 0.17977 0.14258 1.26084 286.91408 123.43064 
NIST SRM 980 (3) 0.18037 0.14211 1.26929 291.24417 119.70720 
NIST SRM 980 (4) 0.17793 0.14271 1.24683 273.74025 124.42987 
NIST SRM 980 (5) 0.17941 0.14195 1.26392 284.32756 118.44182 
NIST SRM 980 (6) 0.17921 0.14270 1.25584 282.93610 124.42110 
NIST SRM 980 (7) 0.17511 0.14230 1.23057 253.56061 121.23022 
NIST SRM 980 (8) 0.17446 0.13956 1.25004 248.88754 99.65147 
NIST SRM 980 (9) 0.18028 0.14281 1.26244 290.59087 125.21698 
NIST SRM 980 (10) 0.17908 0.14290 1.25317 281.95522 125.95333 
NIST SRM 980 CRV 0.13932 0.12663 1.10021 -2.65301 -2.23852 
NIST SRM 980 SUM (LA) 0.17825 0.14208 1.25458 276.06127 119.51202 
8-NIST SRM 980 (SN) 0.16034 0.13880 1.15518 147.80549 93.63919 
9-NIST SRM 980 (SN) 0.16148 0.13800 1.17011 
155.97467 87.37382 
17-NIST SRM 989 (SN) 0.15761 0.13757 1.14574 128.31351 83.92498 
NIST SUM CPS (SN) 0.15983 0.13812 1.15717 144.16747 88.30242 
JDo-1 (1) 0.18069 0.14458 1.24975 293.50675 139.20744 
JDo-1 (2) 0.16683 0.13628 1.22413 194.26511 73.81587 
JDo-1 (3) 0.18905 0.15402 1.22746 353.37486 213.57943 
JDo-1 (4) 0.18671 0.14726 1.26792 336.61814 160.30772 
JDo-1 (5) 0.18089 0.15293 1.18285 294.92065 204.95057 
JDo-1 (6) 0.16904 0.13245 1.27622 210.08098 43.63303 
JDo-1 (1A) 0.17035 0.13141 1.29634 219.46709 35.39819 
JDo-1 (2A) 0.18899 0.14160 1.33465 352.88589 115.70525 
JDo-1 (3A) 0.17369 0.13481 1.28843 243.40500 62.21039 
JDo-1 (4A) 0.17746 0.14070 1.26128 270.38591 108.61409 
3-JDo-1  (SN) 0.16032 0.13525 1.18535 
147.67969 65.69111 
4-JDo-1 (SN) 0.16082 0.13566 1.18548 151.27621 68.91598 
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5-JDo-1 (SN) 0.16025 0.13465 1.19014 147.18676 60.94938 
16-JDo-1 (SN) 0.16080 0.13432 1.19711 
151.08372 58.34905 
JDo-1 (SN) SUM CPS 0.16054 0.13497 1.18949 149.28687 63.47074 
1-28M(1) - 1 0.17813 0.14224 1.25232 275.15445 120.74331 
1-28M(1) - 2 0.17866 0.14240 1.25464 278.99032 122.02862 
1-28M(1) - 3 0.17837 0.14187 1.25727 276.88978 117.84654 
1-28M(2) - 1 0.17944 0.14115 1.27134 284.58231 112.13747 
1-28M(2) - 2 0.18010 0.14235 1.26514 289.25985 121.65437 
1-28M(2) - 3 0.17869 0.14293 1.25020 279.21185 126.21434 
1-28M(3) - 1 0.18036 0.14195 1.27053 291.11998 118.50351 
Re.  1-28M(3)-1 0.17741 0.14262 1.24397 270.04234 123.73638 
1-28M(3) - 2 0.17924 0.14171 1.26485 283.13695 116.58407 
1-28M(3) - 3 0.17793 0.14331 1.24151 273.71136 129.22084 
1-28M(3) - 4 0.17977 0.14430 1.24583 286.91439 136.96953 
1-28M(4) - 1 0.17712 0.14149 1.25180 267.95190 114.87228 
1-28M(4) - 2 0.17906 0.14320 1.25039 281.81371 128.33417 
1-28M(4) - 3 0.18042 0.14245 1.26656 291.53875 122.37418 
1-31M(1) - 1 0.17896 0.14241 1.25668 281.10441 122.06351 
1-31M(1) - 2 0.17827 0.14195 1.25581 276.14327 118.48843 
1-31M(1) - 3 0.17726 0.14137 1.25383 268.93681 113.93101 
1-31M(2)-1 0.17721 0.14231 1.24520 268.55644 121.31886 
1-31M(2)-2 0.18128 0.14456 1.25405 297.71635 138.99985 
1-31M(2)-3 0.18289 0.14138 1.29360 309.22162 113.96584 
1-31M(2)-4 0.18000 0.14176 1.26968 288.52786 117.01001 
1-31M(3) - 1 0.17820 0.14200 1.25491 275.65954 118.86832 
1-31M(3) - 2 0.20742 0.14432 1.43718 484.83887 137.17185 
1-31M(3) - 3 0.17799 0.14157 1.25728 274.16890 115.45992 
1-31M(4) - 1 0.17919 0.14181 1.26361 282.76769 117.36171 
1-31M(4) - 2 0.17969 0.14222 1.26345 286.36461 120.63181 
1-31M(4) - 3 0.17603 0.17554 1.00281 260.16580 383.13452 
1-31M(5) - 1 0.18000 0.14224 1.26543 288.55664 120.78328 
8-9(1)- 1 0.17891 0.14169 1.26271 280.77644 116.42089 
8-9(1)- 2 0.17900 0.14209 1.25980 281.39954 119.53802 
8-9(1)- 3 0.17910 0.14142 1.26646 282.09324 114.25982 
8-9(1)- 4 0.17974 0.14193 1.26637 286.68907 118.32836 
8-9(2)- 1 0.17930 0.14189 1.26365 283.54870 118.00005 
8-9(2)- 2 0.17834 0.14189 1.25690 276.66999 117.97883 
8-9(2)- 3 0.17928 0.14209 1.26181 283.44316 119.53839 
8-9(2)- 4 0.17967 0.14216 1.26383 286.20311 120.15704 
8-9(3)- 1 0.17957 0.14245 1.26061 285.50226 122.40719 
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8-9(3)- 2 0.17962 0.14250 1.26043 285.81285 122.83560 
8-9(3)- 3 0.17789 0.14199 1.25289 273.48992 118.76773 
8-9(4)- 1 0.17813 0.14142 1.25953 275.14382 114.31369 
8-9(4)- 2 0.03242 0.01735 1.86853 -767.91102 -863.28622 
8-9(4)- 3 0.17812 0.14188 1.25545 275.11242 117.90576 
8-13(1)-1 0.17744 0.14188 1.25065 270.23218 117.90016 
8-13(1)-2 0.17816 0.14109 1.26276 275.42159 111.70598 
8-13(1)-3 0.17956 0.14189 1.26546 285.41213 118.02143 
8-13(2)-1 0.17977 0.14169 1.26877 286.89802 116.39646 
8-13(2)-2 0.17655 0.14021 1.25912 263.84351 104.80004 
8-13(2)-3 0.17860 0.14249 1.25346 278.53850 122.69193 
32-1 (2) - 1 0.17667 0.13950 1.26646 264.71606 99.15144 
32-1 (2) - 2 0.17385 0.13897 1.25103 244.53390 94.95517 
32-1 (2) - 3 0.17428 0.13941 1.25013 247.62187 98.46316 
32-1 (1) - 1 0.17371 0.13969 1.24351 243.53311 100.68688 
32-1 (1) - 2 0.17455 0.14010 1.24594 249.54441 103.85897 
32-1 (1) - 3 0.17322 0.14001 1.23719 240.04903 103.21659 
32-1 (3) - 1 0.17379 0.13958 1.24508 244.10317 99.80583 
32-1 (3) - 2 0.17492 0.14026 1.24715 252.21232 105.14149 
32-1 (3) - 3 0.17291 0.13866 1.24703 237.81071 92.52884 
32-1 (4) - 1 0.17475 0.13876 1.25938 251.00302 93.35015 
32-1 (4) - 2 0.17248 0.13906 1.24032 234.71827 95.69537 
32-1 (4) - 3 0.17435 0.14085 1.23785 248.08391 109.76741 
32-1 (5) - 1 0.17545 0.14031 1.25044 255.96501 105.53621 
32-1 (5) - 2 0.17504 0.14103 1.24113 253.02081 111.21721 
32-1 (5) - 3 0.17482 0.13916 1.25628 251.46756 96.45066 
32-10 (1) - 1 0.17610 0.13977 1.25994 260.64855 101.29232 
32-10 (1) - 2 0.17410 0.13901 1.25237 246.29708 95.33595 
32-10 (1) - 3 0.17396 0.13983 1.24405 245.31105 101.78712 
32-10 (2) - 1 0.17476 0.13974 1.25063 251.07573 101.06425 
32-10 (2) - 2 0.17559 0.13927 1.26082 257.01489 97.34469 
32-10 (2) - 3 0.17493 0.14005 1.24902 252.23997 103.50721 
32-10 (3) - 1 0.17414 0.13952 1.24808 246.59345 99.35805 
32-10 (3) - 2 0.17585 0.13994 1.25665 258.86606 102.61068 
32-10 (3) - 3 0.17387 0.13899 1.25098 244.68567 95.13419 
32-10 (4) - 1 0.17923 0.13278 1.34986 283.08302 46.21723 
32-10 (4) - 2 0.15717 0.13491 1.16502 125.16440 63.01968 
32-10 (4) - 3 0.18154 0.16356 1.10994 299.61893 288.76637 
32-10 (5) - 1 0.17940 0.13729 1.30669 284.25758 81.77635 
32-10 (5) - 2 0.17348 0.14012 1.23813 241.88868 104.01581 
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32-10 (5) - 3 0.17556 0.14125 1.24288 256.78781 112.98564 
D-5 (1) - 1 0.17499 0.14089 1.24206 252.69063 110.09077 
D-5 (1) - 2 0.17363 0.13960 1.24375 242.97123 99.97813 
D-5 (1) - 3 0.17319 0.13914 1.24470 239.79542 96.33633 
D-5 (2) - 1 0.17546 0.14044 1.24929 256.02630 106.60527 
D-5 (2) - 2 0.17423 0.13874 1.25577 247.25859 93.20990 
D-5 (2) - 3 0.17576 0.14044 1.25147 258.19878 106.58587 
D-5 (3) - 1 0.17504 0.14095 1.24182 253.04117 110.61348 
D-5 (3) - 2 0.17363 0.13882 1.25072 242.92875 93.81407 
D-5 (3) - 3 0.17531 0.14160 1.23811 254.99166 115.67867 
D-5 (4) - 1 0.03259 0.02577 1.26450 -766.72665 -796.95003 
D-5 (4) - 2 0.03178 0.02198 1.44586 -772.51457 -826.82531 
D-5 (4) - 3 0.01784 0.01432 1.24609 -872.28893 -887.19335 
D-9 (1) - 1 0.17466 0.14079 1.24055 250.34519 109.35937 
D-9 (1) - 2 0.17429 0.13931 1.25115 247.71353 97.64743 
D-9 (1) - 3 0.17520 0.14056 1.24645 254.21968 107.53224 
D-9 (2) - 1 0.17500 0.14027 1.24759 252.77792 105.24681 
D-9 (2) - 2 0.17483 0.13998 1.24898 251.56026 102.93993 
D-9 (2) - 3  0.17427 0.14036 1.24154 247.52179 105.97464 
D-9 (3) - 1 0.17407 0.14004 1.24302 246.09560 103.39119 
D-9 (3) - 3  Repeat1 0.17467 0.13974 1.24997 250.40528 101.04974 
D-9 (3) - 3  Repeat2 0.17354 0.13948 1.24418 242.28418 98.99470 
D-9 (4) - 1 0.17469 0.13898 1.25693 250.52045 95.06194 
D-9 (4) - 2 0.17755 0.14142 1.25551 271.05185 114.29376 
D-9 (4) - 3 0.17366 0.14091 1.23242 243.20543 110.29898 
DSM-3  0.13969 0.12691 1.10067 0.00000 0.00000 
Appendix 6: Full LA-ICP-MS Mg isotope ratios analyses for all sample and SRM ablation lines. 
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Appendix E: SEM/EDS Measurements 
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